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NOTE'S ON THE OKGAN/ZATION OF NDhC 

The duti« of Ihe National htfrnt I 
were (U to rceommrncllo the Director of 0»KD 
project! and reiwurch prograim on the initrume^lalilirn 
of warfare, MfHhU with cemtrert f»>-ililii-i for carrying 
out theiv prnjectp and progvanis. and 12) la adminliler 
the technical and Kivntlltc work of the rontracts. More 
■peciflcally, NEIRC functioned by imtiutin* reKarch 
pro;,«» on request« from the Army in the Navy, or on 
requfita from an allied »ovrrnmenl trnnsmilted Ihrough 
the I-iai-on Office of OSRi>, or on ite own con.ldered 

PropOB«!. prepared by the 111 vision, Pnnel, or Commit lee 
for reneareh contract» for performance of the work in- 
volved ir auch project» were flnt reviewed by NDRC, 
and if approved, recommentted to the Diroctor of OSRD. 
Upon approval of a pro|ioiial hy the Director, ■ contract 
permitting maiiraum neiihllily of ncientiHc effort win 
arranged. The himmcK» »epicls of the contract, including 
mich .oalUn ae material», cltarancei. voucher«, patent», 
priorities, legal malteri, and ■dminiitrntion of patem 
matters were hsndli'd hy  Iho Eieculivp Secretary of 

BbWM A—Armor and Ordnance 
Division B—Bomb», Fuel», Gaee».» Chemical Fr 
Division C—Communication and Tran>portatio< 
Pllllill I)—Detaclion, Control«, and Instruraen 
Dlviaion E—Patent» and Invention» 

e fall of 19*2. I 

nlemberei he^ b«ame a rev'^i ng an. 
1.. lh.. D.r ictor of OSRD. The final or« 

DivLion 1-Balli.tic Research 
Diviiion 2-Effect» of Impact un.i E 
Division 3—Rocket Ordnance 
Divi.ion 4—Ordnance Accei-soriei" 
Division 5-Ne« Hiullee 
EMVWN 8—Sub-Surface Warfare 
Division 7-Kira Control 
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Division 9._Chntilr-.rv 
Divi.ion 10—Absoroe.-.^ ai..l Aaroaol 
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Dirisior 
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Divi.lor 
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OhUm IT—Phyiici 
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NDRt. i ^ AOBIi 

Ab 1TENT8 of the years pr«. ■'• J IMO ■■ ■■ 
vtal-jd more and more clt'-.ly tht ■Brlou*- 

neiw of thf world situation, many «cientint« in 
thin country came to realize the newl of or- 
Kaiiizinjr Hcientiftc rcwareh ft.- -rvice in * 
national MMaMV- Beeomii.endatiiiiiH im* 
they made to the While Houne were ifiven cwrf- 
ful and symjwith-'Iic attention, and a« a reaik 
the National DefenKe Re„earch Committee 
[NURC] was lormed by Executive Order of 
the President In the summer i ( I .n. TUe mem- 
bers of NDRC. «piK.inu-d bj ; J Pr^i-'e-'t. 
were inatructed to wupplement (he won "i \M 
Army and the Navy in the development of the 
iiiHtru mentalities of war, A year UUT, upor 
the establishment of the Office of Scientific . * 
search and Uevelopment (OSRI)]. NÜBC b* 
came one of its units. 

The Summary Technioal Report of M'Ki i- 
a cc■iscientioua effort on the part of NURC t" 
sumnn.rizf and eviiluate its work and to p^e 
aent it in a useful and permanent form. .. 
fomprise!« some seventy v.tlume« bi-.'.^i. ; 't' 
group» corresponding to the NURC UIVIBIC-^, 
Panels, and Committees. 

The Summa; y Technical Report of each !' 
vision. Panel, or Committee is an integral sur- 
vey of the work of that uroup. The first volume 
of each group's report contains a nummarj' of 
the report, stating thi problems presented and 
the philosophy of attacki:' - 'hem. and -um- 
marizing the rts-.ilt? of th- 11 .itft. •' .■.^ ■- 
ment, and training acliviti-s i -vi- -Ukeii -e 
volumes may be "state of the art" tre-.i'ie? 
covering subjects to which vanous reiw».,j. 
groups have contributed information. Other? 
may contain descriptions of devices developed 
in the laboratories. A master index of all these 
divisional, panel, and committee reports which 
together constitute the Summary Technical Re- 
port of NDRC is contained in a separate vol- 
ume, which alio includes the index of a micro- 
film record oi pertini.it technical laborhtory 
reports and reference material. 

Some of the NDRC-sponsored resrnrehi-s 
which had been declassified by the end of !91K 
were of sufficient popular interest that it . 
fiund desirable to report them in the ferm 
rio;:o?raphs, such as the series on radki i/j 
Division 14 and the monograph on sam"!' s 
inspection by the Applied Mathematics fu..'>l. 
Since the mntenal treated in them is not dupli 
cated in the Summary Technical Report of 
NDRC, the monographs are an important part 
of the stcry of theite aspects of NDRC res-, L   .. 

In contrast to the information on radar 
which is ot widespread inleresl and much ol 
which is released to thr public, the res.'arch on 
sulwurfaie warfare is lurttely classilied and is 
of ger.ciai lntei-sl to a more restricted group. 
As ; conswiuenee, the report "f Division K is 
fou' li almost entirely in it» Summary Tech- 
■UCH; Report, which runs to over twenty vol- 
umes. The extent of the work of a Division ean- 
nol therefore bi judtftd solely by the nuni«'' 
nf volumes devoted to it in the Summary Tech 
nical Report of NDRC; account must be taken 
of the monographs and available repons 
published elsewhere. 

Ol" all the NURC Division», few were larger 
or ch,»rge<i with more diverse respoiutibilitie» 
than Division 13. Ui.der the urgent pressuve 
of wartime reituirements. the staff of the Di- 
vision developed navigation and communica- 
tiutis devices and systems which not only con- 
tributed to the successful Allied war effort, but 
«ill n.nlinue to be of value in time of peace in 
the fields of transportation and communica- 
' »ns. The work of the Division, under the di- 
.oction first of C. B. Jolliffe and later of Hara- 
den Pratt, furnishes a foundation for what 
promises to be even more radical developments 
than those of the war—for one example, direc- 
tion finders which will operate at all elevationr 
and aiimuth angles, in other words, hemispher- 
ically. _ „ . . 

The Summary Technical Report of Division 
13 was prepared under the direction of the 
Division Chief and authorized by him for publi- 
cation. The report presents the methods and 
results of the widely varied research and de- 
velopment program, and, in the ease of work 
with speech scrambling and decoding, it pre- 
sents for th. first time a comprehensive review 
of the state of the art. The report is alao a 
notable record ot the skill and integrity of the 
scientist» and engineers, v.'ho, with the coopera- 
tion of the Army and Navy snd Division con- 
tractors, contributed brilliantly to the defense 
of the nation. To all of these we expr m our 
sincere appnxiation. 

V^NNEVA» BUSH, Director 

Office of ffd  i'tifur Renrarch anil r,errlopmeiil 

J. B. CONANT. Chairman 

Satiinmt Dffenur Retearck Committie 
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NEAKLV H1\TV year» ano HeinritVi Hertz 
experiment illy protiurod elect mmaKnetic 

wave«. (leUTmined the .iirpftion of the wiiv?«, 
;ui<i «Tille, ■■Thua we no» have a means of dis- 
teminK ih'' dimticn of the electric force at 
every poinl," Th ■ waves were not detected out- 
«ide of hin leetui^ room, and it is unlikeW that 

' direction nndinc 

year«. Uta standard te« in En« ish was »frfr 
It** fJirpnioi, Finding hy B. Keen, published 
in England in 1322 and now .mdcrtroing its 
fourth revwion. limlh DhrclJ-- Finders by 
D. S. Bond «aa published in 1M4. 

The  present  publication,   for which   Keith 
Henney has acted as general editor and has 

he foresaw the applicatk - _. 
to navigation. I-ater. as the direction nnder 
art advanced, many typ."- of directional anten- 
nas were devised, including loops, crossed 
loops, spaced loops, Adcocks, and arra-s. Some 
who contr:buted most effectively were Adcoch. 
Ballantine, Barlield, Bellini. Biisignies. Dellm- 
ijer, Dieckmann. Eekersley, He.l, Koister. Mar- 
coni, Mesny, Pick-ird, Smith-Rose, and Tossi, 

During the (iflecn years prior to World War 
II, the art advanced relatively slowly. Most 
progress was made in England. Equipment per- 
formance was reasonably satisfactory. Cn.und 
installations of direction finders were used to 
inform ships at sea of their positions. A similar 
use of ground direction finders was BUM by 
Pan American Airway.; and by various Euro- 
pean air lines. Direction tinders on ships at sea and wiH be used tor new nmro» " 
£ere almost universally used as a navUcnal h^JWJ^^.tonns.As the^ad, 
aid,  and moat commeecial airliners employed 

devoted much lime to coordinating the materi- 
al, is Volume 1 of four books covering the war- 
time work of the Commonicaticns Division of 
NDRC. In this volume, there are accounts of 
developments sponsored by übe Direction 
Finder Committee and of the results obtained. 
This book h not intended for the layman, and 
will be of only moderate assistance to equip- 
ment operators. It is Intended for scientists, 
encines/s, milii. ; peraonnel. students, and 
others who are interested in radio direction 

Radar, which combines direction finding and 
ranging, is already extensively med for naviga- 
tion. To some extent, it will replace direction 
finding. However, direction llndi.ig will remain 
as one of the primary navigsdonal methods 
and wili be used for new functions such e- 

«utomatic direction nnders tor navigation, 
Thua, by the advent of Wcrld V/a- II. direction 
finding was established as an important means 
of navigation. 

Early in World War 11, the Commuiiieations 
Division (Division 13) of the National Defenae 
Reaeareh Committee [NDRC] formed a Direc- 
tion Tinder Committee under the Chairman- 
ship of Loren F. Jones of which the member» 
were H, Busignies, J. H. Dellinger. D. G. 0, 
Luck, and R. K. Potter, Later, as consultants 
or technical aides, the Committee was greatly 
. 'isted by J. --.lliBon. E, D, Blodget. and W. 
C, Lent. This Committee was active until Sep- 
lr mber 21, 10-16. with a number of Army. 
Navy, and British liaison representatives at- 
tending each meeting. During this period, the 
( nmmittee issued contracts for work at Stan- 
ford Universitv, Calit.inii» Institute of Tech- 
nology, Harvard University. University of New 
f.'. xico, Federal Teleiihone :'nd Radio Labora- 
tories, Radio Corporation of America. Wilmotte 
laboratories, J, A, Maurer. Inc. and Bell Tele- 
phone Laboratories, In addition, the Committee 
served as a coordinating agent and a clearing 
louse for dm-ction finder developments every- 

where. The art advanced rapidly. Such diverse 
ai'liject« as polarization errors, ionospheric 
uff .-la, site error», navigational apphi^tim!-. 
eviiluation of fixes, and location of electric 
storms were studied, 

nespite itf long history, direction finding has 
t,. .   tfc.» o,.v.:ru.t AF ramurUultlv  few tevts   For 

IcvdOMMBti will facilitate direction finding 
at higher frequencies, will minimize errors, 
and will simpl'fy equipment. Recent progress 
made in these directions by NDRC is outlined 
in the following pages. 

The future holds promise at more radical 
developments, such as direction: tinders which 
will .^..■i-ate at all elevation and azimuth angles, 
in other words, hemispherkally. with an ac- 
curacy adequate f'ir lire eontro: purposes. Pos- 
sibly all directio- ^ind frequencies will be 
under contiruon uninterrupted observation 
wilh some kind of panoramic presentation, 
Poaaibly there will be a need for direction 
finders with automatic tracking wherein the 
equipment will lock on and automatically fol- 
low a moving source of emission. No doub: 
there will be still other developments not now 
enviaionod. 

All radio communication, of course, involves 
the proper design and use of many components, 
among them antennas. Direction finding, radar, 
altimeters, and countermeasures for jamming 
enemi radio communication r^iuirc means for 
imiuiüii,' n> and receivmK from space the re- 
quired radio enerpy. For this reason it waB 
natural that certain research on the design, 
meiisureinent, and application of antennas 
should fsil to Division 1.1 to sponsor, Toilowing 
the material on direction finding will be found 
summaries of the several antenna projects 
supervised by the Division. 

the ubiect of remarkably few texts. For 
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IN SUUUARIZING the stveral hundred reports 
of rortractor» on the hundred-odd research 

projectB sponsored by Division 13 of the Na- 
tional Defense Research Commitlee, [NDRCl. 
the editor has had to Bettle in his own mind 
how much or how iittle of each project report 
should be included; in other words, how far (he 
boilirm-down process should go. 

The editor ha« an abhorrence for seeing good 
scientific or technical material go unpublished. 
Only by publication can the facts or methods 
developed by a few researchers become available 
for all researchers. On this basis, substantially 
all Division 13's program should be included in 
the volumes, of which this is one, Hummarizing 
the work of the Division, On the other hand, 
time move» forward inexorably so that it is 
quite likely that, by the day of publication, much 
of the data would already be out of date. Fur- 
thermore, time and human energy are always 
scarce. On these basts, all that might be re- 
quired would be a paragraph or two summariz- 
ing the aims of the project and Its accomplish- 
ments. 

A middle course was steered, a course be- 
tween the easiest solution of publishing prac- 
tically all of each report and the more difficult 
job of really digesting the project purpose and 
results. The editor, however, deliberately chose 
to publish too much rather than too little. In 
most eases it will be unnecessary for the reader 
to search out the original source material unless 
he withes to dig deep into the subject. In those 
cases where fundamental information was as- 
sembled and printed in the project report, that 
it, Information on which future research might 
L« based, the summaries have been permitted 
to take as much space as required. 

This volume covers two aspects of Division 
IS's work—that dealing with research and de- 
velopment in direction finding, and that on an- 
tennas. The work on direction finders has been 
divided broadly into two aspects, that describ- 
ing physical equipment, and that covering fun- 
damental research leading to better knowledge 
of the manner in which ground constants, mul- 
tiple rays, polarization by the ionosphere, and 
other iKton affect the accuracy with which 

bearings can be measured. All this was necessi- 
tated by the fact that direction finding had «one 
into a sort of intellectual slump by the begin- 
ning of World War II. Antennas were generally 
of the loop or the Adcock type Errors in bear- 
ings were deplored but accepted. Need had not 
risen for d.rection finding on the higher fre- 
quencies which came into such wide use during 
World War II. Above all, new ideas, new und 
basic analyticül research were needed. 

Throughout all the fundamental work on di- 
rection finding, the subject of errors was most 
important, simply because direction finders of 
various types do not give consistent nor accu- 
rate bearings i.i spite of the fact they can be 
erected with great care and constructed of pre- 
cision apparatus. In fact, exploration of the 
vagaries of direction finding occupied a great 
deal of the attention of the Division and its 
research men and engineers. Finally, through 
the means of a new instrument, the .»lariKcope, 
it was proved that many d-f troubles are due. 
not to the apparatus itself, nor to the ground on 
which it is located, nor to the operation of the 
equipment, nor to the fact that the ionosphere 
polarized radio waves heterogenously. Many of 
the errors which would remain, even if all the 
other sources of difficulty were removed, come 
from the fact that radiation from a transmitter 
arrives at a receiving point over multiple paths, 
and it is the many ro'wil'le interrelation» be- 
tween these multiple rays that produce direc- 
tion-finding aberrations. Thus it appears that 
there i« a point beyond which much greater ac- 
curacy in bearing determination cannot be ob- 
tained by refining the apparatus. 

Fundamental studies, analytical in nature, 
are reported rather fully in this report. Part I, 
dealing with baaic studies in direction finding, 
includes means of measuring ground constants, 
and of rating d-f systems in terms of wanted-to- 
unwanted pickups; the effects of connecting 
cables with Adcock syntems; a new means of 
controlling the amplification of a d-f receiver by 
means of a local transmitter; and the virtues of 
direction finding on pulse transmissions. 

Part II deals with physical equipment and 
systems developed under the aegis of Division 

CONnDENTIAL 



13. Her« will be found the work which led tg 
the SCR.2Ö1, a sinKle-band d-f «yatem widely 
used by the Air Transport Service, a workable 
Rudio-Ronde, H d-f »yntem for the region of MO 
to 600 mc. portable beacons which would lead 
a foot soldier to hid objective on the field of 
battle reitardlesü of weather or time of day, 
and means for lotatinit tanks by radio. Finally, 
one of the laHt and most elegant accompliah- 
ments of the Division was an electrical and elec- 
tronic instrument for evaluating the response* 
obtained from multiple d-f receivers so (hat the 
origin of slgnalH could be more closely pinned 
down to a circle of amnll radius. 

Part HI records early work of sferics, the use 
of radio direction Unding for locating storm». 

The portion of the Division's activities deal- 
ing with antenna research is found in Part IV. 
Here is described the early work on determina- 
tion of the characteriHtics of antennas for air 
craft and tanks by means of scaled-down 
models; the work on faired-in antennas; a com- 
plete survey of airborne antennas as of early 
IMS, including what was then known about 
wide-band antennas. Work on disguised anten- 
nas, on improvised d-f antennas for use in the 
field, and on antennas for use in the region of 
160 to 600 mc are also records here. 

ai.NFIDKNTlAL 
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SWDIES OF HIGHFRKQVF.KCY DIRECTION Fly Dim 

IMS for <M 
■ojuired c 

DURING  the  yearn   imnMKlietely   precedinK brinuinft into important focus 
World War 11 only a limited amount of equipment. Much information 

baaic reaearch .aa devo..-d to the development the ua, »f d-f technique for u.e on hi,h radio 
o?d rS-ündi.,, [d'l t^hnique. and «mlp. frequ.nci». on the WW. of and ■*«"•«« 
menl.  A. in moat other branch., of «lenlillc certain  «a«.r,.. in hirt-fr^quency d.rection 
and .nBi„eerln8 endeavor, the advent of the Ml... on ,h;. »^ ■,™' «""'^„'Xh 
war Kcelerated auch r. aeaio, «rat by i          I aur»m   iU and the atate of the innoapliere which 
only too evident the ne«l for it aa rel.       to rellecu b«k to earth r.dm frequence, moet 
ordinary peacetime application., and «reond by likely to b« ored dunnji the war. 
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BTL HIGH-FREyilFNCY  DIRECTIONFINDER RESEARCH 

k.«c»iili Itmling 1» ihr gtnttt\ drulun rfqulrrrnvnli 
for ciiTular-arrmy ilir«tinn-under lyitrmi «ml Adcuch 
»MfonMi. in-ludinff ■ dMfrmiiimtlnn nt «nWnn« ipacinit 
lo minimi» inlerstliun rtteeU, «quiMitwnU for burieil- 
ronductor ■ ■nmgtmi'nlt in both lyilimi. ddign uf iti- 
tmn» (IcmünU mid touplina unit" to «tend the frt- 
qOMCV rtngt of opfntion. »jwritWiij im d« ranivcr 
for a cn»Hd Hurled IT mnUnna dlrwtlon-flndrr »yilem, 
»«ling up of ■ cnmi>i»ti-- dirertlor-flndei  lyil 

inlqu» 
method of ■ 

' " STATE Of THE  ART 

AT THE TIME of thin project,- the most prom- 
. iaing higrh-frequency direction finders from 

the sUndpoint of simplicity and e«se of opera- 
tion were baasd upon the Adcock principle, but 
all »uch systems were aubject at times to serious 
errors, the main cause being unwanted hori- 
zontal pickup in the antenna system. The most 
iiccurate high-frequency direction finders were 
the large fixed installations, but they were usu- 
ally complicited. clumsy, and slow in operation. 

The object of this project was to make a brief 
survey of the various types of high-frequency 
direction finders, to pick the most promising, to 
study the causes of the errors, and to determine, 
whenever possible, methods for reducinsf these 

The conclusion was reached that, for fixed 
installations and where speed of operation was 
important, Adcock systems were most promis- 
ing. Accordingly, a crossed Adcock antenna 
system was designed and huilt. The errors in 
its receiving characteristics were studied, and 
methods were derived for their reduction. The 
final result was an Adcock antenna system with 
greatly reduced polarization errors. A receiving 
system was deaigried for operation with the 
antenna. 

■Prejert   C-lfi,   Contu .   NnCrc-ISfi,  Wer 

i' INTRumXTION 

Fuudamentalty, operation of all radio direc- 
tion finders depends upon the fact that the rela- 
tive phases of the currents induced by a radio 
wave in two or mori; fixed, spaced wires vary 
as the directirn of nrrival of the wave varies. 
In some systems thin phase differen-» is mea- 
sured directly and the direction of arrival de- 
termined by a comparison of the measured 
phase difference with a previous calibration of 
phase difference versus direction. For conve- 
nience we will call this the phate-eampariBon 
method. The Navy's CXK direction finder, for 
example, works by this method. In other sys- 
tems, instead of a- ually meaauring the relative 
phases of the current* in the various antennas, 
the latter are connected together in such a way 
that, a« a result of phase interference, different 
outputs are obtained from the antenna system 
for different directions of arrival. This will be 
called the amplilude-cirmpantirn method. Direc- 
tion finders which use th: loop antenna, the 
Adcock or any of its variations, or a sharp di- 
rectional array are ail examples of systems of 
this type. 

For either case the determinaliun of the di- 
rection of arrival from the amplitude or phase 
difference it, straightforward when the signal 
arrives over a single path, l/mg-distance short- 
wave radio tninsmij^i' ■', however < 'ally tii*>: 
place by several j aths c' ontinu .J varying 
lengths. Due to the in' '«rence „...mur the 
waves arriving over thnse various palhs. in gen- 
eral the field strengths will not IM- identical at 
two or more spaced antennas and the phase dif- 
ferences will not be the same as for any of the 
component waves. However, if the directions 
ot arrival are very nearly the same, the field 
strengths at the various antennas will also be 
very nearly the same and the phase differences 
very nearly what would have been obtained for 
a single wave arriving in the mean direction, 
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except for thone periods when the relative phases 
of the eompitnent waves are auth as to produce 
a weak signal at anv ;}la?e within the area oc- 
cupied by the antennas. At xuch times the rela- 
tive field atrengths at the various antennas may 
dilfer greatly and the phase differences may dif- 
fer jy aamuch as 1-I8O from the correct value. 
For these reasons accurate bearinga cannot be 
obtained during the minima of a fading aignal. 

The closer the antenna npacing the shorter 
will be the period when the relative field 
strengths will differ appreciably and when the 
phaae differences will be incorrect. When the 
directions of arrival of the various waves are 
radically different, the field strength and phase 
difference will vary rapidly and considerably, go 
that, In general, direction finding with simple 
antennas consisting of only a few elements be- 
come« in^w»»''Vyh Howv, . 7 the directions 
of arrival nn t-t.'lned to n •••■<tk ■'ertical ^lane, 
theaximaU. ofthe 11'section "f arrival may stil1 

be mitfiHTMl with certain types of direction 
finders auch as the crossed Adcock, described 
latet', although the periods of weak fielda wiier 
correct bearings cannot be obtained will occur 
very frequently, 

>» PHASE-COMPARISON METHOD 

A simple form of direction finder using the 
phase-comparison method would be one consist- 
ing of two fixed vertical antennas connected, 
through appropriate receiving and amplifying 
equipment, to a pha^e-meiisuring device. One 
way of accomplishing this phase measurement 
ia to introduce a phase shifter, either >S the 
radio- or lower-frequency branches ot one of 
the receivers. This phase shifter is then varied 
until the outputs of the two receivers cancel 
(differ by 180°). The phase difference between 
the currents in the antennas is then found by 
subtracting 180° from the phase-shifter reading. 

In Figure 1 let A and B represent two such 
antennas and let d be the distance between 
them. If a radio wave arrives at an angle ;; 
with respect to the line AB, then the phaae dif- 
ference * between the currents induced in the 

iwo antennas will be given by the equation 

4. (degreefl) = ^ cos 0 (1) 

costf-cos ucos» (2) 
sitical where a and J are the horizontal and 

angles of arrival respectively and 
length. 

•.)•<■ * 

Sine« ii is measured from the array axis, 
equation (1) represents a cone whose axis is 
th, line joining the two antennas and whose 
geneialor is at an angle ß with respect to this 
axis. Thus all wave directions which lie in this 
cone will produce currents of the same phase 
difference in the two antennas, and, in general, 
additional information is needed to obtain the 
azimLth of the direction of arrival or the ap- 
parent bearing of the station. 

This information can be obtained from an- 
other pair of antennas having a different orien- 
tation. The measurements obtained with this 
second pair of antennas will determine another 
cone with a different axis than the first. The 
lini' of intersection of theae tvo cones will coin- 
cide with the actual direction of arrival of the 
wave and will, accordingly, determine not only 
the azimuth of the direction of arrival, but the 
vertical angle of arrival as well. 

Disregarding, for the moment, the difliciiltiea 
associated with the tel;ing of two seta of data 
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«imultar.e^jsly, a satiBf»ctor>' direction finder 
might he made using two pairs of antennas 
ari'unRed in two lines mutually perpendicular. 
In fact three antennas arranged at three cornerit 
of a square would answer the purpose. 

On the other hand, if two vertical antennas 
are mounted or. a structure which can be ro- 
tated abiut a vertical axis until the phase dif- 
ference between the current« in tl-e two an- 
tennas is Mro, then, if rf is shorter than x the 
apparent bearing of the station will be perpen- 
dicular to the line jcining the antennas. Such 
a system cannot distinguish between signals 
having bearings 180' :i[)art. To remove this 
180° ambiguity requires the addition of a third 
antenna and greatly complicates the receiving 
equipment. This is the principle of the Navy's 
three-antenna CXK direction finder. One of the 
objections to ihis direction finder is the size of 
the rotating structure and the resulting time 
consumed in taking a bearinjr. 

CIRCULAR ARRAY 

A variation of the foregoing scheme which 
overcomes the disadvantage just mentioned, at 
the expense of a slight decrease in accuracy, 
would make use of several fixed antenn "5 spaced 
on the perimeter of a semicircle. Theat anten- 
nas would be used in pairs, etiy two adjacent 
antennas constituting such a pair. For making 
a measurement, that pair wculd tie selected 
which was most nearly perpundicula"- tr *V 
direction of arrival and which, therefni i, « 
give the smallest phase differtnee. 

Figure % shows such an srrangement con- 
sisting of 19 antennas. One pair for every lO". 
A wave is shown arriving at a bearing of 67° 
for which pair FG would be used to obtain the 
bearing. 

The information obtained from a single pair 
of antennas is not, in general, sufficient to deter- 
mine the apparent bearing of a station. How- 
ever, if each pair Is used to take bearings over 
only a small angular range approximately per- 
pendicular to the line .joining the antennas, 
Iheü the phase difference of the currents in the 
two antennas can be used to determine the 

apparent bearing with a reasonable degree of 
accuracy for all but very high vertical angles 
of arrival, except for an approximate 18(F 
ambiguity which could be removed only by the 
use of additional equipment. For a system such 
as ii shown in Figure 2, where each pair is 
used over a range of only B" on each side of 
the perpendicular, the maximum error for dif- 
ferent vertical angles of arrival is given by 
curve A of Figure 3. Curve B gives the eirors 

for a system consisting of 10 antennas, one 
pair for every 20°, It will be obaerved that for 
the occasional signal suapected of having a 
high vertical angle nf arrival the error may be 
eliminated by taking m 'idditional measure- 
ment with anolhp- lennas, preferably 

. pa ■ the axis oi ■ I. is perpendicular to 
of the first pair. If the phase-measuring 

uunce used lor making this measurement is 
capable of operating over the full 360c range 
this measurement would also give the seme of 
the signal. In Figure 2, pair OP would be used 
to ootain this additional information. 

As the separation between the antennas is in- 
creased, any given value of 4 will correspond to 
smaller and smaller values of ß |equation (1)). 
Thus, for any tiven uncertainty in the value 
ot «, the greatest accuracy in bearing deter- 
mination will be obtained with the largest pos- 
sible value of d. However, for systems using 
only two sets of antennas with axes mutually 
perpendicular, the reparation must be kept to 
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lens thur. half the »hortest wavcleuKth upon 
which obsfrvatumji ure to be taken. Otherwise, 
for Rome values of A, there will be morn than 
one possible value of ß. For a system at several 
antennas located on u semicircle the separation 
may be increased somewhat as long as It in kept 
below A/2 sin «, where e is the maximum angle 
on  each side of the  perpendicular at which 

iiu 

/ /' 

jj 

FlduaF 3. Errors in aemicirclp «yBtcm. A shnwi 
crrori when enrh »ntenn* pair la uHd over Tans* 
of only  .'>"  on   each  ilde  ot  the   perpendkular; 

palrforei'pry 20°, 

meHsurement« will be made (6 for Figure 2), 
However, if this is done it will no longer be 
possible to make check measurements on the 
vertical angle of arrival ulth the in-line pair. 
For this reason it is recommended that the 
spacing always be kepi below A/2. Then, if 
greater accuracy is desired, after the approxi- 
mate hearing is obtained a more widely spaced 
pair can be used to get a more accurate meas- 
urement Thud in Figure 2, pair NQ could be 
used to got a more accurate roeaxuremenl after 
a preliminary measurement is made with pair 
OP, 

INTERACTION EFFTSCTS 

The accuracy of all the above systems de- 
ppuds on the accuracy with which the phase 
riifTtTi-ii''!' between the currents in the separate 

antennas is gi\L.i m la^un (I). Among 
other things this [>b,> .tilferenct' i. Tected 
by the interaction among the various aütennas 
that make up the system. 

One of the objects of this project was the 
deteopiiution of the extent of this in'eraction 
and of tht ui lount of error it would introduce 
in direction Anders working by the phase-com- 
parison method. In this study, use was made 
of some of the antennas of the broadside cagt 
Muaa system at the Holmdel, N. J., laboratories 
of the Bell System. These were vertical cage 
antennas 2V* feet in diameter and 231,4 feet 
high. They had a half-wave resonant impedance 
of about 300 ohms at 18.16 meters and a 
quarter-wave impedance of about 36 ohms at 
36.3 meters. The broad-band characteristic of 
this typo of antenna mako it desirable for di- 
rection-finding systems which are to be used 
over a relatively wide frequency range. The 
low impedance makes it a simple matter to 
connett them to the receivers by means of low 
impedance, concentric transmission lines. The 
interaction will be a function of the dimensions 
of the antennas, but measurements were made 
with antennas of only one size since, in general. 
nntennaH used lo coier the frequency range 
from B to 18 mc would i>e of approximately 
the same dimensions. 

Figure 4 shows a ground plan of the antenna 
arrangement used for making these measure- 
mentn. The antenna at point X was used as a 
reference antenna and all phases were meas- 
ured with reference to the phase of the current 
in that antenna. Antennas 4. 5, and 6 in Figure 
4 were antennas 4, 5, and 6 of the broadside 
Muaa. They were fixed in location but could be 
easily lowered to the ground when not in use. 
These antennas as well aa antenna X were all 
connected to buried coaxial transMiaaion lines 
which terminated on the antenna termination 
panel in the Musa building and could, there- 
fore, be connected to the Musa phase measur- 
ing equipment. Another exactly similar cage 
antenna was carried on a trolley suspended be- 
tween the supporting poles of antennas 5 and 
fi. It was always connected through an 80-ohm 
ierminating resistance to one of several ground 
rods which had been driven into the ground at 
apptoximately 6-foot intervals between anten- 
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na» ß »nd 6,  Antennas 4, 6, und 6 were ipa.^d 
49 fid (16 meters) apart. 

By comparing the output of antenna 5 with 
that of antenna A' while moving the traveling 
antenna between 5 and 6, with 4 and 6 lowered 
to the ground, the effect of an interacting an- 
tenna at distances of 6 leet to 49 feet was 
determined. By comparing the output of an- 
tenna 4 with that of antenna A' while moving 
Liie traveling antenna between 5 and 6. with 

IIMi.X HETHOP 7 

30 tnuters but for shorter wavelengths this 
spacing becomes greater than \/2 and would 
introduce an uncertainly in the bearings. For 
these shorter wavelengths a closer spacing is 
reuuired, a spacing of 26 feet (* metera) being 
satisfactory for wavelengths as short aa 16 
meters. The interaction for nntennas at this 
spacing would introduce only a small error for 

antennas 5 and 6 lowered to the ground, the 
effect of an interacting antenna at distances 
of 49 feel to 98 feet was determined. Measure- 
ments were made on five different wavelengths 
and with three difTennt oscillator positions; 
one broadside to the antennas, at location A in 
Figure 4; one end-on. in the direction of the 
interacting antenna, at if; and one end-on in 
the opposite direction, at C. 

In Figures 5, 6, and 7, the curves marked 
with open circles give the effect of the inter- 
action on the amplitude of the current in the 
fixed antenna, those marke«', with crosses give 
the effect on the phase of the current, and 
those marked with solid circles give the cor- 
responding error which the change in phase 
would introduce in the value obtained for ß. 
For wavelengths between 16 and 61 meters a 
spacing of 49 feet does not introduce any sig- 
nificant error. This would be a perfectly satis- 
factory spacing for wavelengths greater than 
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systems would be needed to cover the range 
from IG to 64 meters (18.76 to 4.68 mc). It 
might be possible to ha!«nee out these inter- 
action effects by using only the middle pair of 

J^^H^rff 

Bj^pte 

wave lengths up to 24 meters but would he en- 
tirely unsatisfactory for wavelengths greater 
than 30 meters. Thus tvo complete antenna 

a line of 4 or 6 equal-spaced antennas with the 
jnused antennas terminated in a dummy load 
tf the same impedance as the load impedance 
of the used antennas. However no tests have 
k.een made of auch a system. 
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PHASE-COMPAKISO"      'EIHOU t'OBSmiLITIEB 

No ittempt wilL p made to go into the de- 
tails of the equipm i that would be needed for 
a direction finder rating by the phase-com- 
parison method. If ily moderate accuracy is 
demanded a aystei-i "Id be buiit using »everat 
antennas arrange< in a semicircle, each pair 
to be used for oh '-ving over only a limited 
range of aiimuth Once t1"1 correct antenna 
pair had been aele ted the taking of a bearing 
could be made pnuHcally instantaneous, but it 
might be necesviy to try several diPerent 
pairs before the i :irrect one was selected niid 
in that time the signal might be lost. It is con- 
ceivable that an .nstanlaneoua, direct-reading 
direction finder U aed on the phase-comparison 
principle could be ikviaed, but the equipment 
wou'd necessarily have to be very complicated 
ard would reQuire considerable time to develop. 
For the»? reasons ittention was turned to sys- 
tems working b- the ampiitude-tumpariaon 
method. 

'■•    AMPUTID^     >MPAHIS»>N METHOD 

Direction finder^ which use Üie balanced loop 
for a collector ;em are perhaps the most 
commonly known and simplest form of direc- 
tion finder baaed i non the tunplitude-compari- 
«on method. Wh( property constructed, they 
work very well fo wavea which aie entirely 
vertically polam d; however, if there is any 
horizontally pol« 'ed component to the wave, 
currents will be induced in the loop which will 
msak the normal "figure eight" directi-mal 
characteristic and will $■(<■**'. the ukin» of 
accurate hearingH. Sine« all radio wa.i1 -iich 
have suffered reflection from the ionosphere are 
more or lea« randomly polarised, this suscepti- 
bility to horiKonUlly polariied waves makes the 
loop antenna practically useless for long-range 
direction finding on the abort wavelengths. 

AUCOCK ANTENNA 

The Adcock antenna was designed to over- 
come the effect of horiiontally polarized waves. 
In its simplest fi rm an Adcock direction finder 
consists of two spaced vertical doublets con- 
nected by a bale    ed transmission line with a 

receiver connected across the trsnsmibMOn line 
at the midpoint. The conductors of the line to 
one of the doublet« are reversed with respect 
to those to the other doublet. Connected In this 
way an Adf-ock antsnna is, in reality, a two- 
element vertical array with the output« in 
phase opposition. When the spacing bnween 
the doublet« is small with respect to the wave- 
length the simple Adcock antenna h.aa the same 
"figure eight" directional characteristic for 
vertically poiarhed wavee a« the loop. Figure 
8A «hows a schematic diagram of a simple 
Adcock antenna with its asaociated receiver 
-nd Figure 8B gives the horlxontal directional 
characteriBtlc. 

•acoci MUHU   

w --(V"i" 

Dimgium  nf «irnpl«  Adcor 

In free space and with perfwtly balanced 
transmission lines such a system would be un- 
affected by horizontally polarized waves, but, 
actually, the lower halves nf the doublets are 
always nearer the earth than the upper halves 
■o that a perfectly balanced system can not be 
obtained except through the use of compensat- 
ing networks which require critical adjustment 
and muat be retuned every time the receiver 
Is tuned to a new wavelength. However, with- 
out these compenaating networks, the un- 
balance is not serious if the antenna is elevated 
to a reasonable height above ground. Fairly 
accifrate bearings can be obtained (1) if the 
rest of the equipment is kept small and simple, 
(2)   if care is taken  to keep the horizontal 
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rn m i CM U     (4) 

) cos I cott at 

membern w«ll balsnced, and (S) if all the 
vertical elements other than the doublet* are 
!(ept «ymmetrical. 

Bearing! are taken by rotating the antenna /,. -- * «in I 
about a vertical axis until one of the nulls of \ " / 
the directional characteriitki^ pointed towardi where u is now measured clockwise from the 
the direction of arrival of the signal, at which north-south line to ths «»imuth of the direction 
time the output of the receiver will at at a 
minimum. The direction of arrival or appannt 
bearing of the station will then be perpendicu- 
lar to the line Joining the antennas. The tak^s 
of bearing* in this manner consumes an ap- 
preciable time, especially if the signal is weak 
or fading, when it la necessary to move the nuil 
of the directional charactcistic back and forth 
across the signal direction several times before 
the bearing is certain. This time required for 
taking a bearing might meun that the signal 
would be lost before a bearing could be ou- 
tlined. For this reason a quick-acting, direct- 
reading system would be desirable. 

DIKECT-READING SYSTEM WITH CROSSED 

ADCOCK ANTENNAS 

Figure 9A shows the schematic diagram of a 
direct-reading system using two mutually per- 
pendicular Adcock antennas. In Figure 8B the 
equation for the output of a single Adcock was 
given as 

7 = /2w4 («) 
where   / is the output current; 

t is a proportionality factor; 
a 1B ti.j angle between the uxitnuth of 

the direction of arrival and the per- 
pendicular to the line joining the two 
antennas; 

d is the spacint: of the antennas; 
A is the wavelength of the incoming 

signal; 
■ Is 2. times the frequency of the in- 

coming signal; 
i is the vertical angle of arrival. 

If now we have an antenna system consist- 
ing of two crossed Adcock antennas, and it we 
let the axin of one run north «nd south and 
that of the other run east and west, then the 
equations for the current output of the two 
antennas are 

of arrival and is, therefore, the apparent bear- 
ing of the station. If d is small with respect to 
k the equations become1 

/« «SfMrnt. (4') 

,   2«*   . /„» « k -™ sin « cos 1 cos -(.       (6') 

If these two antenna outputs are fed through 
appropriate equal-gain high-frequency ampli- 
fiers with equal phase shifts to the vertical and 
horiiontal  deflecting plates respectively of a 

■When the «psc  _ 
wavelength, I.e., when tin I2*d, 
m«ely equal to (M/XI 

i » is not •ppiuii- 
rrnr in introduced 
h are multiple! of 
it the eiEht Inter- 
called the "octan- 
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cathod^ray oacilloscope. the spot on the oscil- an anlenn» syitem is small the interaction be- 
losrope will trac** a line which will make an come» Uirge, but for the crossed Adcock an- 
angle « with resi-iÄt 'LO the vertical and will Icnnag these effects are balanced out, providing 
therefore^ except for the 180= uncsrUinly. irive the axes of the two pairs are eractly perpen- 

^1 

the bearingdirecUy. If thephaae shiHithrough    dicular and the antenna are  ; 
the ampliHers are not equal, the 8|i it on the 
uscilioscope will, in general, trace an ellipse 
instead ot a line, the major axis of which will 
not give an accurate bearing. 

When the spacing between the elements of 

from the center. 
It is to be noted that tue achievement of this 

liiatantaneous, direct reading feature has re- 
quired the complication of both the antenna 
system and of the receiving equipment, nuking 
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the problem of keeping the eyatem balanced not perfectly conduetinir. and if the horisontal 
and »ymmetrieal much more difficult. Some ex- members were buried to such a depth that they 
perimenters have attetipted to overcome these were unbtTected by the incoming waves. The 
difflculticn by housinur the receiving and indi- paragraphs below contain a description of an 
eating "quipment in a shielded coop located at antenna syjtem of this type which was built at 

■eetion, 28 ft high «i 

the exact center o( the antenna system and 
then elevating the whole structure above the 
ground on poles. Even for such a system, care 
must be taken to keep the vertical portions of 
the power leads aymmetrical and the horizontal 
portion« well buried in the ground. 

'■"  GSOSBB BURIED V ANTENNA SYSTEM 

If we had perfectly conducting ground an- 
other way of overcoming these difficulties 
would be to use only the upper halves of the 
doublets, bringing them down to the ground 
level and shielding the horizontal leads by 
burying them in the ground. It would be ex- 
pected that such a system would work satis- 
factorily if the ground were uniform even if 

Holmdel and gives the results of various testa 
performed upon it. 

ANTENNA TRANSFORMEBS AND BURIED 
CONDUCTORS 

A schematic diagram of the antenna system 
and of the equipment used in testing It are 
shown in Figure 10. The four vertical antennas 
were located at the comers of a square with a 
diagonal spacing rf 15 feet. The square was 
laid out so that one diagonal extended north 
and south and the other east and west. These 
four antennas consisted of box-like structures 
IVa feet square in crass section, extending 28 
feet above the ground and covered with copper- 
coated paper. At 1 foot above the ground level 
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the tuur sides uf the antenna were brought to- 
gether at H point in the middle by an inverted 
pyramid of galvaniied sheet iron while the four 
wooden corner posts were extended down 4 feet 
below the surface of the ground where they 
were bolted to R wooden framework. 

Det«ils of construction of these antennas are 
shown in FiBure 11. Great care was taken 
when they were erected to ktep them located 

apex of each inverted pyramid, all four line»! 
beint of equal length. These transmiasion lines 
ran straight down to 4H feet below the surface 
of the ground a.jd then horisontally to the cen- 
ter of the system where they were brou«li'i 
back up to the ground leve'. Here they were 
connected to the primary, or balanced, aide of 
a balanced-to-unbalanced broad-band trans- 
former, the lin«» from each diagonal pair being 
connected to the same transformer. Theae 
transformers were housed in the small shielded 
box at the center of the antenna syatem which 
ia visible in Figure 11. Figure 12 is a view of 
the interior with the cover removed. 

Two more cnneentric lines, fine from the 
secondary of each transformer, ran back down 
to 4'i; feet below the ground, then horiimitalh 
for about 1Ö0 feet. Here they commenced a 
gradual riae to a depth of about 1 foot at which 
depth they remained until they reached the 
apparatus building at a diatance of about 700 
feet from the antennas where they were con- 
nected to the Inputs of two receivers. 

FIIIUKI 1£. Concei 
mctad to bmiul-l 
^hieWwi box it cvn 
in removed. 

exactly aa planned. After completion, check 
measurements showpd a maximum error in di- 
rection of only 27 minutes and in spacing of 
leas than "g inch. The half-wa/e reaonant im- 
pedance tf a single unit (i.e., between the an- 
tenna and ground) was about 250 ohma and 
occurred at a wavelength of about 22.2 meters. 
The quarter-wave impedance was about 36 
ohma and occurred at about 44.4 meters. Over 
the fretjuency range of 5 to 15 mc the output 
of a aingle pair for an end-on signal was about 
9 db below that for a horizontal half-wave 
doublet at a height of GO feet. 

The inner conductor of a 72-ohm concentric 
transmiaaion line was connected directly to the 

Figure 13 shows a diagonal crosa section of 
the antenna system and illustrates the disposi- 
tion of the transmission line«. They were 
buried in this manner to provide sufficient 
shielding to eliminate all pickup from the hori- 
zontally polarized waves. 
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Figure 14 shows (lv detail-i of construction 
of the bruai!-naii'.i balanced-to-unbal» need 
tran»formers, and Figure 15 the frequency 
characteriatics. Detiiiln of the meBauring tech- 
nique will be found in the project final report.' 
A balance of only 20 db would give an error 
In bearing of 6.7°. For , balance of 30 db the 
error in 1.8° and for 40 db the error 1> 0.6r. 

unl»Un(»d Irimtformrr 

RECEIVING ARRANGEMENTS— 
INJECTION-SIGNAL SYSTEM 

Figure 10 is a block diagram of the d-f ays- 
lem. In operation, the incoming signal beata 
with the signal from the injection oscillator to 
give a beat note somewhere between IOC and 
2,000 cycles. The injection-oscillator input level 
to the two receivers is equal at all times while 
the incoming signal input level varies in ac- 
cordance with the directional pattern of the 
crossed Adcock antenna system. The receiving 
equipment measures the incoming signal direc- 
tion by comparing the audio-frequency levels 
from '.he two receivers. 

The audio output of the receiver connected 
to the north-Houth antenna pair is connected to 
the vertical deflecting piales of a cathode-ray 
oscilloscope and the output of the receiver con- 
nected to the east-west antenna pair is con- 
nected to the horizontal deflecting plates. Now 
It will be seen that if the overall gains of these 
two receivers are equal, the ratio of the audio 
outputs of the two receivers will be equal to the 
ratio of the carrier output of the two antenna 
paira, which in turn is a function of the signal 
direction aa shown above. When these voltages 
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CharacUriatics of broad-band trsi 

are applied to the oscilloscope a line is formed 
which gives the apparent benring of the sta- 
tion directly. 

Gam Control by Injection Signal. The gains 
of the two receivers are kept approximately 
equal in the following manner. An injection 
signal is radiated from a fifth antenna located 
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ut a distance of BOO (eel irom the crossed an- 
tenna ayslem and on a line which bisect» one 
nf the 90" angles formed by them. This «ignal, 
which is adjuxted to differ iii frequency by a 
few hundred cyclfs from the carrier frequency 
of the signal whose direction is being meas- 
ured, is used to control the gains of the two 
receivers. Since the outputs of both antenna 
pairs are equal for the injection signal the 
gains of the two receivers will be made equal 
providing the injection signal is much stronger 
than the carrier and providing the gain con- 
trols track. A ratio of injection signal to car- 
rier signal of 2S db should be enough to Insure 
that the carrier will have no effect on the gain 
cnntrols and In «lough to insure that the audio 
output produced in the linear low-frequency 
detectors by the beating of the carrier with 
the injection signal is directly proportional to 
the carrier Output of the antenna system. Ac- 
cordlngty, the injection signal was kept about 
2« db above the carrier level. The gain controls 
of the two receivers used for nicking prelimi- 
nary measurements did not track within the 
required limit« so that it was necessary to cali- 
brate the system frequently. This was aceom- 
plished by modulating the injection oscillator 
with an audio frequency and adjusting the 
gains of the two receivers until the line on the 
cathode-ray oscilloscope was in the 46" position 
which is the condition for equal gains. This 
fault was eliminated in the final system de- 
scribed below. 

Besides furnishing a notifading equal-ampli- 
tude signal for controlling the gain of the re- 
ceivers, the use of the injection oscillator 
greatly reduces the phase-shift requirements. 
Instead of equal phase shifts from antenna to 
oscilloscope, all that is required of the receivers 
when the injection oscillator is used, is that 
the phase shift from the antenna to the input 
of the audio amplifier varies in the same man- 
ner for the two receivers over the band be- 
tween the carrier frequency and the injection 
oscillator frequency. The two audio amplifiers 
must have the same phase shift for the audio 
frequency used, but this requirement is not 
difficult to meet. 

i*        TESTS ON CQMPUnS SVSTKM 

First tests on the antenna system showed 
very shallow nulls and large errors in direc- 
tion. For detaiis of these measurements see the 
final report.' 

When the possible c«*tf« for these errors 
were considered susrlciim was first cast upon 
the vertical lead» running to nearby antennas. 
Although the nearest of these antennas was 
over 200 feet distant, their removal and re- 
moval of their vertical leads made differences 
as great as 11 db in the depth and 3° in the 
direction of the nulls. Vertical wires at dis- 
tances of 500 feet and over had no signiflcanl 
effect in the frequency range studied, 

A set of measurements was made with all 
possible reradiating objects within a radius of 
600 feet removed. Null depths of only 36 db 
and directional errors of UP were still being 
obtained, 

Erw?CT or GROUND 

The ground at Holmdel is ordinary farm 
land consisting of a layer of top soil 1 foot 
thick overlying several feet of sandy clay.' The 
particular site chosen for the intenna system 
was as flat as reasonably lould be expected of 
most antenna locations and, es far as could be 
discovered by visual examination, there was nf 
reason for suspecting any troublesome varlc- 
tions in the ground conatants. However, sev- 
eral different .round mats were tried. The first 
consisted merely of two 100-foot galvanised 
iron wires, one stretched under each pair of 
antennas and grounded at lach end to 6-foot 
ground rods and at the center to the outer 
grounded conductor of the coaxial transmission 
lines. This ground system made nti appreciable 
effect on either the depth or direction of the 

Next a ground mat consisting of two 50-foot 
strips of 2-inch mesh wire netting 6 feet wide 
was laid in the form of a cross ur.Jer the an- 
tennas. The maximum error in direction was 
reduccO from 12' to 3,6°, although the mini- 
mum null depth was not changed much. Further 
improvement was desired, so a ground mat con- 
sisting of 8 radial strips of wire netting 6 feet 
wide and ISO feet long grounded at B0-foot 
intervals was tried. The results were not ap- 
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predably different BU still another mat was 
iried. Thin final one wa« a circular mat 100 feet 
in diameter grounded at S-foot Interval around 
the circumference and at the center. 

Ekcept fur the 18-mc meaüurementa, the 
maximum null depth was over 3D db and the 
maximum error in direction was less than 2°. 
Since the antennan and transformers were not 
designed to work ai; frequencies higher than 16 
mc it was felt that further improvement of the 
ground mat was not necessary. 

With the 100-foot diameter ground mat in 
place, test bearings were taken on the field 
oscillator placed at 16 equally spaced points on 
a circle of HOO feet radius. When the errors 
were corrected for octantal error and for those 
due to the cathode-ray tabu, over the frequency 
range 5 to 15 mc no error greater than 2° was 
observed, while at 18 mc the maximum error 
was 8U, 

TesTB ON HORIZONTALLY POLARIZED WAVES 

To test the response of the system to hori- 
suntally polarixed waves, a 63-foot tower was 
erected at a distance of 200 feet in the direc- 
tion of the east null. The field oscillator was 
plac<Kl on top of the tower and the change in 
null depth noted when the antenna rods were 
turned from the vertical position to an angle 
of 45°. Measurements were taken on 6, 7 5, 10, 
16, and 13 mc. No significant change in null 
depth was detected indicating that the amount 
of horizontal pickup wag too small to affect 
the operation of the system under normal op- 
erating conditions. 

Finally, bearing measurements were made 
on fixed transmitting atatioiis ranging in fre- 
quency from 5 to 18.4 mc and in distance from 
about 30 milea to over 6,000 miles. Each bear- 
ing wa* checked by comparing it with that 
obtained on the some station with the crossed 
vertical Musa. A total of 107 bearings were 
taken. For 26 of these the vertical Musa gave 
either no bearing indication whatsoever or 
bearings differing significantly from the true 
bearing, indicating that either the station was 
inside the skip zom.1 or that the transmission 
was unsatiafactoi y for ("irect ion-finder opma- 
tion. Of the 82 remaining bearings, 29 differed 
from the true bearing by 0.5" or less, 24 dif- 

fered by 0.6° to l.O-1, 12 by 1.1° to 1.6", and 9 
by 1.6° to 2,i>' or a total of 74 of the 82 bearings 
were in eiror by 21 ur less. Far the remaining 
8 stations the largest error was 6°. Carefully 
mode repeat measurements on these 8 stations 
gave no error greater than 3°. 

'■' CONCLUSIONS 

The errors in such a phase-comparison sys- 
tem, employing several vertical antennas ar- 
ranged in a semicircle, are small unless the 
vertical angle of arrival is unusually high. Be- 
cause of interaction effects, two complete set« 
of antennas are needed for the range from 6 
to 18 mc if maxmium accuracy is required. 
With a system using three antennas, prefer- 
ably arranged at three corners of a square, twe 
simultaneous phase measurements are required 
to obtain a bearing. Interaction among the an- 
tennas influences the accuracy, although the 
interaction effects might be balanced out by the 
use of several dummy antennas. 

Difficulties involved iB making an inatantan- 
eous, direct-reading, Md«*--comparison system 
led to the development of an amplitude-coia- 
parison system using a crossed, burled U an- 
tenna with a separate injection oscillator and 
antenna and with a cathode-ray indicating de- 

Variations In the ground not detected by the 
eye cause severe distortion of the directional 
pattern of the antenna. Several ground-mat 
ayatems were investigated. Conservative sped- 
flcations indicate that a mat not lese than 150 
feet in diameter made of 1-inch mesh wire net- 
ting or its equivalent would be required. Where 
the ground has a uniformly high conductivity 
such as would be found in a salt marsh, the 
mat could be smaller. Even in a location having 
good ground conductivity, a good ground mat 
seems desirable. For details of a system suit- 
able for a salt-marsh  location  see the   final 

'■■ RECEIVER SPECIFICATIONS 

The general receiver characteristics desired 
are (1) a frequency range of 4,5 to 30 mc, (2) 
an input impedance of 72 ohms, and <3) an 
image rejection ratio of better than 50 db at 
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20 mc    An i-f band flat over a *2-kc range the automatic gain controls should keep the 
and down 45 db ±10 kc would be satiefactory. output constant to within 2 dh for a 60 db 
To operate ordinary commercial OBciHoscopes change in input level.                           „   .   .. 
an a-f output of 2.6 volts acroaa 100.000 ohma Three  other  factors v.nch w,!!  affect  the 
at 5 per cent modulation is required. bearing accuracy are (It  nonlinearity of the 

The lowest signal hvd that can be received a-f circuits. (2) dissimilant.es in the r-f. i-l. 
is determined by the equivalent input noise and a-f bands, and (3) crosstalk betweon   h- 
(output noise divided by the receiver gain) two receivers. To maintain an accuracy of ', 
which should not be more than 5 db above the the a-f circuit» should not depart from linearity 
theoretical thermal noi^e or 160 db below 1 by more than 0.1 db as the amplitude ^ yaned. 
watt for a 4 000-cycle band width. Assuming a and the gains should be alike to within 0.1 db as 
minimum signal level 20 db above the noise the frequency difference between the "»Jection 
gives a minimum sitmal input level of 140 db oscillator and the signal is varied oyfr a ±200- 
below 1 watt ^e to ^^ ranf(' The c0*81«111 rrom one of 

The ratio of the a-f output levels must be the the receivers, fed with a 5 pur cent modulated 
same as the ratio of the incoming signal levels signal, into the other with an equal unmodu- 
delivered by the two antenna pairs. Therefore, lated signal, should be down 50 db. 
if linear low-frequency detectors are used the Factors which will distort th.; oscilloscopc 
level from the injection oscillator must be at trace are 60-cycle hum. harmonic firtHth», 
least 20 db above the incoming signal level, and phase shift. The hunvand-harmomc d.s 
The effect of the Incoming signal on the auto- 
mat ic-Bain-control circuits may require a aO-db 
difference In level. If Wn aasume a Z8-db differ- 
ence in level, the modulation impressed on the 
injection oscillator signal by the incoming sig- 
nal will never exceed 5 per cent If incoming 
ignal levels of 140 to 80 dh below I watt are to 
be accommodated the inj-ction oacillator level 
must be between 114 and 54 db below 1 watt 
and the receivers must be capable of handling 
theae levels. The input level range may be ' 

tortinn should be down 35 db in the output i 
order that the oacilloscope trace will not be 
widened by more than 2 per cent of iU length. 
The phase difference between the two a-f out- 
puts should not exceed 1 per cent. 

If necessary, high-pasa filters may be used 
in the a-f circuits to reduce the GO-cycle hum, 
in which case the a-f range might be 200 to 
2,000 cycles. Filters cutting off ibove 2,000 
cycles might be used to reduce noise. Any such 
filters must,  of course,  meet the phawe and 

creaaed to 80 db by inserting 20-db atUnuation    amplitude-distortion requirements within the 
the antenna lines to take care of exception-    pass band. 

The receivers, preferably, should have a fre- 
quency-calibrated dial and a tuning indicator 
to insure that the operating requirements will 
be met. Separate beating oscillators may be 
used, provided the leakage from one beating 
oscillator into the other receiver does not result 

,f components stronger than 60 db below 

ally strong signal*. 
For successful operation, the gains of the 

two receivers must be kept equal at all times. 
This feature practically demands the use of 
independent and extremely "stiff" automatk 
gain controls whose action is completely con- 
trolled by the injection oscillator. These stiff 
gain controls may take the form of separate    the output of the desired frequt 
i-f gain-control amplifiers and strongly biased 
rectifiers, i.* COMPLETE ll-F SYSTEM 

For a bearing accuracy of ,<i0. the gains of 
the two receivers must not differ by more than No commercial receivers were on the market 
0 1 db and this must hold over the entire range which exactly met the specifications listed 
of input levels. To eliminate any audio fre- above, and previous experience with commer- 
quency gain controls ao that the amplitude of cial short-wave receivers showwi thai the'-- 
the oscilloscope trace may be used as an indi- modiftcatiün to meet these specifications would 
cation of the percentage modulation (i.e., ratio not Iw easy. Since, however, the construction 
cf incoming signal to injection oscillator level) of two entirely new receiver« would have taken 
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a relatively lonir time, it WM decided to use, 
after modifleation, two short-wave measuring 
set« belonKintr to the Bell Telephone Labora- 

RECEIVERS USED AND CHANGES REQUIRED 

A block diagram of one of the two receivers 
before alteration ia shown In Figure 16. They 
are triple-detection receivers with a firat inter- 
mediate frpquetKy of 3 me and a second inter- 
mediate frequency of 100 kc. There are no r-f 

were capable of supplying an audio output well 
over 2.5 volta across 100,000 ohma, but the 
overall gain of the receivera was not sufficient 
to supply this output for the weakest usable 
signal which is determined by the minimum 
noise level of the receiver. By adding another 
stage to the lOO-kc amplifier the overall gain 
was increased to the point where the required 
audio output was obtained for the weakest 
usable signal. 

The equivalent Input noise was about 5 db 
above the theoretical thermal noise level. 

k dlmgram nt triplr-dcti 

ampüflera or preselector circuits other than the 
antenna-tuning and coupling circuits. The re- 
ceiver» cover a frequency range from 4.5 mc to 
well over 30 mc. The image rejection ratio Is 
about 40 db which is high enough for demon- 
stration purposes. 

The overall pass band of the receivers was 
fiat for approximately 6 kc on each side of the 
carrier, which was entirety too wide for d-f 
use. By adjusting the second i-f filters the band 
was reduced so that it was flat for only 1 kc on 
each aide of the carrier and was down 45 db 
or more 10 kc on each side of the carrier. U 
should be noted here that the response curves 
of the two receiver» must be exactly similar 
over the perating range. This range is deter- 
mined by [he difference between the signal fre- 
quency and the injection-oscillator frequency. 
If the band width is small and the response 
curves sharply i^eaked it becomes extremely 
difficult to make and keep them idontieal. 

The linear rectifiers used as final detectors 

It was necessary to install separate, biased, 
Kain-control irectiHers to obtain the desired 
automatic-galn-cont rol stiffness. The result was 
an output variation of only 1.6 db for a 60-db 
change in input level. The gain controls of the 
two receivers tracked to better than 0,1 db over 
the range of inputs from 65 db above to 25 db 
above 10" watt. At lower input levels the 
noise prevents precise measurement of the 
tracking, but no appreciable difference was dis- 
cernible. 

The hum level of the recei' ars was fairly 
high but was reduced to a satisfactory value by 
minor changes in the power supply leads. The 
nonlinearity in the audio circuits, the har- 
monic distortion, and the difference in phase 
shift were alt less than the required minimum. 

After the above changes were made the two 
receivera were connected together and to ihe 
antenna system making the complete d-f sys- 
tem shown in the block diagram in Figure 17, 
The first beating oscillator from one of the re- 
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ceivers was used *e the common beatinsr oncil- cycle   tone and adjusting the  relative audio 
lator for both rceivwa. Tht first beaunif os- (rains of the two receivers until the oscilloscope 
dilator for the other receiver wag removed and tiace made a line at 45^. The 60-cycle modula- 
mounted on a separate pane! with a broad-band tion was produced by putting a small 60-cycle 
amplifier and used as the injection osciliator. voltage on the grid of the amplifier tube in 
The InjecMon-Bifima!   level was  controlled by series with the grid bias. 

FiCüBE 17,  Block dial ,1.1.1..!. t triple-. 

varying the grid bias of the amplifier rube. By 
making the pasa band of the ampi'der very 
broad the necessity of pro' iding tuning for the 
amplifier circuits and of meeting the resulting 
tracking retiuirement!" was eliminated. 

Calibration of the system was accomplished 
by modulating the injection signal with a 60- 

Tept measurements made on the complete 
setup disclosed a small amount of 3-mc cross- 
talk from one receiver to the other through the 
common beating ogcillator lead and a umall 
amount of higii-frequency crosstalk direct from 
the injection oscillator to the input circuits of 

s. The 3-mc crosstalk was reduced 
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below the required minimum by Inierting small 
pad» in the leads to each receiver and increas- 
Itiir the beatinn onclllaloi puuer by a corre- 
•pondinK amount. The hiKh-fceiiuency cross- 
talk was reduced by very carefully Hhiülding 
the injection uacillator. 

The experience uained In working with these 
receivent showed that the Rreatest diffleuitie.) 
in buildinic receivers for this type of d-f system 
are likely to be in making the two pass bands 
identic;)! over the operatinic range, in keeping 
the crosstalk through the common beatlp«! oscil- 
lator lead at a low value, and in keep.ng the 
leahnjfe from the injection oscillator direct to 
the receiver below the required minimum. By 
taking normal precautions all requirementa 
were met, demonstrating that the system ia 
entirely practical. 

After a thorouBh testing, the two measuring 
sets and the necessary cathode-ray equipment 
were sei up in a small building a short distance 
from the crossed buried U antenna system and 
connected to it by coaxial transmission lines 
•naklng a complete d-f syatem. Engineers from 
the Signal Corps Lnbtratorlea then operated 
and studied this equipment to familiarize them- 
si-lve« with Ihe princlplts Involved. 

RECEIVERS USKD AND CHANGEb REQUIRED 

After operating this equipment for a while 
and after considering the r.msible sources of 
supply and the urgency at the need the Signal 
Corps engineers dpcided to attempt to rebuild 
two National N. C.-100 receivers for their (trat 
system. At first It WHS hoped that this rebuild- 
ing would iovulve merely the addition of a 
separate automatic-gain-control amplifier anil 
rectifier and of a lead between the two beating 
oscillators to keep them in synchronism. How- 
ever, before the equipment was finally made to 
function satisfactorily. It was found that 
rathiT extensive changes had to be made. In 
the final arrangement three receivers were 
used, one for each of the receiving channels 

and the third to supply ihe beating oscillator 
and injection signals. 

Tegf ResultK. The final teats on these re- 
ceiver» showed that they functioned very satis- 
factorily except for two features. The image- 
rejection ratio was better than 40 db for 
frequencies between & and 11 mc. but above 11 
mc (he rejection ratio dropped very fast until 
at 14 mc it was only 28 db and even less at 15 
mc. The equivalent Input noise of these re- 
ceivers was eonaiderably higher than the speci- 
fied minimum, especially on the higher Fre- 
quencies, making it difficult to obtain accurate 
bearings on weak stations. It is suspected that 
the difficulty lies in the comparatively low gain 
of the r-f amplifier and in the low Q of the h-f 

It is not believed that low image-rejeciion 
ratio at the high frequencies is so serious as 
to rule out the use of such receivers, but, since 
it is the weak signals that are the important 
ones, the low signal-to-noise ratio is very aeri- 

'"    EXTENDING THE RANGE TO 30 MC 

It was felt that, as a result of the experience 
gained in building and testing the crossed 
buried U antem.a system for the 5- to 15-mc 
range, enough was known about the charaeter- 
istica of such an antenna system to predict the 
Performance of a smaller model with autlicient 
accuracy to make unnecessary the building of 
an experimental model. The antenna system 
for the 15- to 80-nie range would be merely a 
half-size scale model of the present system. 
Thus, the ground mat should be 75 feet in di- 
ameter, the antenna spacing should be 7',ij feet, 
and the size of each Individual vertical should 
be 9 inches by 9 inches by 14 feet. 

THE TKANSFORMEBS 

The design for the broad-band balanced-to- 
unbalanced antenna-coupling transformers fol- 
lowed very closely that of the ones for the 
lower frequency range. For details of construc- 
tion of the transformers and loss, balance, 
and impedance characteristics see the final re- 
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ll* PtlLAHIZATION ERRORS— urements of the response of the crossed buried 
SYSTEM MEASUREMENTS U*antentia aystem to vertically and horizon- 

tally polariwd waves for various vertical angioa 
D. G. C. luck and Kenneth A. Norton of the    of arrival. The standard wave error" was found 

RCA Manufacturing Company brought their    to be 8.5° at 5.1 mc. 6.25° at 9.23 mr. 2.2° at 
balloon equipment to Holmdel and made meas-    13 me. and 1.8° at 17.3 inc. 
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Chaptrr 2 

NBS HIGH-FREQUENCY DIRECTIONFINDER RESEARCH 

HMMUNI md tx[H!rim»nt»l inv«»ti|[»ti')n of direr- 
(jon-flndrr rh«rmrti:rii.iiri, particularly pnlmriutlon er- 
rora Irvelopment of ■ figure of merit for diraetlon- 
flndti rompariaon: riamlnatlon of typical direction- 
finder »vitema a* nn applicallnn of the methodi for 
meaauremenl and analyiia developed; origin of ■ new 
method lor meanurlni Kraund coi Hanta. The major 
portion of the theorotiral analynia developed In this 
project* ii included in thia »ummary report, the chief 
abridicenient from the rontractor'a final report1 beinf 
in the work conducted on direction-finder ayatenia of 
the time 1941-1942. 

*' INTRODUCTION 

THE OBJECTivBS in Betting up this project 
wer«: 

1. Study of error» due to polarization, col- 
lector spacing, and diversity factor, and meth- 
ods to minimize these. 

2. Study of errors of site and personnel, 
3. Examination of improved models from 

any source. 
4. Basic research on one or more improved 

types as appears desirable. 
6. Measurement technique for the study of 

ri-f errors. 
After some preliminary study it was found 

that polnriuition and site errors constituted the 
largest errors in existing direction finders. The 
program therefore was chiefly devoted to a 
study of those errors over a frequency range 
of 2 to 30 mc. 

" ANALYSIS 

For the study of polarization errors a method 
was developed having advantages over previ- 
imily used methods and spplicable to mimy d-f 
antenna systems. In this method a figure of 
merit desigir.ted as the "pickup ratio" was 
introduced. The pickup ratio ia the ratio of the 
pickup factor, h. of the d-f antenna system for 
desired radiation field com     tents to its pickup 

factor, '.', for undesired field componerts. A 
knowledfre of the pickup ratio together with the 
directional pattern of response of the d-f sys- 
tem makes possible the determination of the 
polarization errors for downcoming sky waves. 
Since it is possible to measure the pickup ratio 
for a wave at horizontal incidence, all measure- 
ments may be made near the ground. This is a 
principal advantage of the method; other ad- 
vantages are that the method yields the mari- 
mum polarization error, and a figure of merit 
for polarization error which is independent of 
the ground constants and of the height of the 
direction finder above the ground. 

After developing the technique of determin- 
ing polarization errors through raeasuremen's 
of pickup ratios, meaaurementa were carried 
out on several direction finders of various 
types. Reports issued during the project are 
listed in the Bibliography. 

Polarization errors were investigated com- 
prehensively, both theoretically and experi- 
mentally. The polarization of the field at a d-f 
site for downcoming ionospheric waves was 
determined theoretically. The d-f directional 
pattern was then calculated in such a field and 
equations obtained for the observed bearing. 
The difference between the obstrved beaiirg 
given by the actual directional pattern and the 
true bearing obtained from the ideal direc- 
tional pattern gave the polarization errors. 
Equations were derived tor the polariiation 
errors in this way for the several basic direc- 
tion finders and were used to determine, by 
means of experimental measurements of the 
constants b and k, the polarization errors of 
these direction finders. 

"''      Summary of Theoretical Aspects 

Study of the state of polarization of down- 
coming ionospheric waves showed that these 
waves were elliptically polarized, having elec- 
tric components E, and B, polarized parallel 
and perpendicular respectively to the plane of 
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incidenre. These comptments ^ce present isi- 
deptndently of the Mtate of polai nation of the 
weve incident on the ionoBphere and therefor» 
of the polarisation of the trftnsmitiitiR entennt. 
The wave incident on the ionosphere is split into 
ordinary und eximordinary waves whici: on 
retui-uintr to the earth combine vetiarially to 
give the total downeominfr wave. EQJatinns for 
the fading of these nrdinsry and exl.-uordinaty 
wave eompunents were derived and sxpresnions 
foand for the vorialiong in the state of poleri- 
lation of the downcomintr wavj. In (reneral, the 
state of polarizattjn varies in a random way 
so that the average of a series of swino:»'» 
bearingH will iHualiy givr a bearing Ciosc to 
the true bearing, provided the swinging is 
caused by pulariant ion error. 

The lotul field at the direction finder for 
downcoming waves Wftf next calculated by tak- 
ing the vector sum of the direct and ground. 
reflected waves. H wa» shown that the ground 
reflection acts to suppress E., at points near the 
ground, the suppression increasing as the index 
of refrartion of the ground iicreases, Thk 
showed that direction finders deaiirneJ to re- 
spond to Er and to suppress response to P. 
should be placed as near the ground as possi- 
ble. On the other hand, it is shown that a direc- 
tion finder designed to respond to K. and to 
suppress response to a,, should be located at a 
height above ground equal to A/4. 

The response of an arbitrary direction finder 
in the field of a downcoming wave was next 
calculated in terms of the known directional 
patterns af the antenna elements of the direc- 
tion finders. In these expresaions unknown pro- 
portionality constants, k and k, occur. These 
tonstants, which correspond to output voltages 
produced by the desired and undesired field 
components respectively, were called picki'p 
factors, and the ratio of A to A- the pinkup 
ratio. It was shown that, by placing the liirec- 
tion finder in plane-wave fields of special struc- 
ture, all terms in the expressions for the output 
voltages became zero except one. A measure- 
ment of the output voltage and the field inten- 
sity for this case provided a means for deter- 
mining the pickup factor. The pickup factor 
for each field component desired could be meas- 
ured ir this way by using special fields at hori- 
zontal incidence. After determining the pickup 
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factors experimentally, the d-f response in the 
field of any downcoming wave could be calcu- 
lated and therefore also the polariMtion errors, 
sine this calculation ggn the actual aiimuthal 
directional i«iticrn. The departure of this di- 
rectional pattern from the ideal desired pattern 
gave the bearing error. 

It was shown that the polarization errore 
wore deper.deit on l-l'.e ra'io of desirod to un- 
desired responses and therefore or the pickup 
iM'o \/k. The pickup ratio was therefore pro- 
1-nsed as a figure of msrH for measuring polari- 
zation e-iors. Thia figure of merit is indepen- 
dent of the ground onatants of the d-f site and 
of the height of the direction finder above the 
ground, it can be used to determine the result« 
of development work designed to reducit the 
polarization errora of a h'iven direction finder 
■vhjle the complete curve of polarisation orror 
versus angle of elevation of the incident wave, 
as de'ermined by .'n^asurements of li/k. can be 
used to compare tht accuracy of differcni types 
of direction tinders. 

In applying the pickup ratio method in prac- 
tice, the required siteclat test fields muat bt 
generated by means of IIKHI transmitters. Such 
transmitters generate waves which only ap- 
proximately simuli.te the plane waves assumed 
in the theory used to calculatf the polarization 
errors. Accordingly, theoretical and experi- 
mental studies were made of the techniques 
required for a proper measurement of h and k 
where a local transmitter is used. It wa« shown 
that a horizontal loop antenna should be used 
with the local transmitter when generating a 
horizontally polarized teat field to avoid an 
error called radintor parallax. Similarly, when 
testing a .ipaced, vertical, coaxial loop-antenna 
direction finder, special procedures were nec- 
essary to avoid a- error called collector paral- 
lax. Equations were also derived to show the 
proper procedure required wiien measuring 
electric field component« by means of a field 
intensity meter using a loop antenna. 

Using the procedures outlined above, meas- 
urements of h and k were made and the polari- 
zation errors computed for the direction finders 
underconsideration. 

A «tudy of d-f sites was made in which it 
was shown that direction finders designed to 
respond to E, should have smaller «ite errors 
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caused by roraciialion Iban thone iltBiBiied to 
respond to K,.. EquMiona were derivL-d for the 
field intensily at any «iven depth below the 
ground for incident downcoming waves and an 
approximate table prepared showing the rcc- 
omneniied depth tu which cabiit and iinea 
should t>e buried in order to avoid reradiation 
difteiilties. A new method was evolved fo/ 
rapidlj mea.iurinfr the ground consUnt» of a 
nmpoMed site, at various points of the H't'j, both 
to determine its electricat homogeneity and tu 
make mire that its conductivity and dielectric 
constant would he high enough for the bpft 
results with 'he direction findur to be installed. 
This method should be useful in selecting the 
best site when a choice ir ponsibie. 

11^ iral ncvclopnietit 

The single loop-antenn» direction finder has 
large bearing errors when used on downcoming 
wave* from the ionosphere. Since Innjt-distance 
eomn.unicatinn makes use of propagation vis 
the ionoBpberu, the tingle loop-antvnna direc- 
tion finder could »at be »u^essfully used for 
short-wave direction finding in the hand fro-n 
2 to 30 mc. hi 191!», Ad^ock introduced the 
spaced-antenna direction fliider which at- 
tempted to reduce pickup in the horizontal 
members of the antenna structure and thus the 
polarisation errors. To measure the success of 
such attempU. R. K. Barfield^ in 1935 intro- 
duced a figure of merit for polarization error 
which be called the "standard wave error." 
This was defined as the bearing error of the 
direction finder for an incident wave having 
an angle of elevation ot 46' and components 
of electric field intensity parallel and perpen- 
dicular to the plane of incidence equal to each 
other and of auch phase difference as to make 
the error ft maximum. The standard wave error 
was commonly measured by using a local trans- 
mitter elevated at 45° to lay down a field 
simulating the standard wnvc, A dipole trans- 
mitting antenna oriemed at 45', generated 
equal and cophaaed parallel and perpendicular 
wave components in this method. The cophiised 
wave components of the above method did not 
result in the measurement of the maximum 
poiariiiltiop error as required in thn definition 
of  standard   wave  error.3   Furthermore,   the 

dmwtte, introduced in the use of elevated 
transmitleis led to lack of precision in meas- 
uremen' A -' -.hod was needed which would be 
easior • uw ',n practice; for example, one 
whkh r lulrLii ground me«MiremenU only. 
Stich a m"th1 J was developed using a local 
transmll*,- near the ground to generate a wave 
field irf m- ^ured intensiU at nearly homonUI 
incidence. The response of the direction finder 
was measured in this field for vertical and for 
horizontal polarization. The response öf the 
aottjina system to sky waves mu then deter- 
mined from a calculation of thi vertical and 
lirt'?. ■ J field coiiipanenta of such sky waves, 
and this In turn itave the polarisation errors, 
including the standard wave ern r. This method 
yielded the maximum polanzati.m error, while 
the ratio of the responses or pickup factors, 
called the pickup ratio, yielded a fundamental 
constant at the antenna »ystem which was in- 
depend.'-t of tea ground constants and from 
whi ■I, li.-,' reapciisc in any assumed aky-wave 
field coold be calculated. About the same time 
a» the ri^flopment of this method, the Radio 
Corpw-ni.m of America [RCA]' modified the 
Barfield nethod by using an elevated trans- 
mitter emitting waves polarized, first, in the 
plane of incidence and, second, perpendicular 
to the plane of incidence. The response of the 
rtirectior. ifnJer to these waves was measured, 
but B, :;,aasurement of field intensity was not 
required to determine the polarization error. 
This me t- d usually could he made to give the 
same da'.i- .a the National Bureau of Standards 
[NtS] .TKvhod and vice versa, each method 
having particular advantages. 

Nalii: of   I'uhl. 

In shor'-ivave direction finding, bearings are 
taken on sky waves coming down from the 
ionoaphcre. In tfeneral these waves r.re ellip- 
tically polarized, having components polarized 
both pj-ndlel and perpendicular to the plane of 
incidence However, most direction finders are 
designed to measure the bearing by utilizing 
the d^pctional pattern of the antenna-system 
respoi'Bt to only onr of the components. If both 
compouenta are present and if the antenna 
system hr.I different azlmuthal responses to the 
several  field components, the directional pat- 
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tern will be modified BO as to irive incorretl 
beariiiRB or even to prevent the taking of bear- 
ings altogether. These bearinR1 errors will de- 
pend on the relative amount and phase of de- 
sired to undesired field intensity which in turn 
will depend on the «late of polarization of the 
incident wave. Such bearinit error« are (.'ailed 
polariiation errors and Wd one nf the largest 
Kource» of inaccuracy in preaenl-day direction 
finders, 

IJ ' PiilarizalMin of  Down coming 
lonospherir Radio WatrK 

As a background for the study of polariza- 
tion errors and the techniques used to measure 
nui'h errors, it will bo desirable to consider the 
nalure of the downtuming sky waves, the in- 
fluence of the ground reflection on the field» 
set up by these waves at the direction finder, 
and finally the problema involved in attempting 
to simulate ,iuch sky waves by the use of local 
transmitters. A more complete account than 
can be given here is available in a report1 by 
K. A, Norton. 

The following account is intended to serve 
only as a brief review of the way in which the 
problem is set up. 

The presence of the magnetic field of the 
earth causes a wave inddenl on the ionosphere 
to split into ordinary and extraordinary wave», 
each of which thereafter travel« indepencr'üt!" 
in the ionosphere and is reflected at iii'T.rent 
heights. To calculate the intensilipa cf !>>• :jm- 
ponents parallel and perpendicular to the plane 
of incidence in a downcoming wave, it Is nec- 
essary to calculate the intensities of these com- 
ponents for the ordinary and extraordinary 
waves and then to take the vector sum of these 
two waves to give the total field components. 

The following symbols will be used together 
with Heaviside-Lorentz units; bold face sym- 
bols are vectors. A dot over a symbol denotes 
time differentiation. 

!■ - charge on an electron. 
in - mass of an electron. 
.V - electron density. 

H0     earth's magnetic field, 
c =■ mean frequency of collisions between 

free electrons and neutral air mole- 

e - velocity of light. 
/ ■   frequency of radio wave. 
.      2,/. 
V, --■ electric field  intensity of the radio 

H -   magnetic field intensity of the radio 

S = total current (displacement plus con- 
vection current). 

V - velocity of electron  motion  in the 

i. j, k - right-handed set of mutually perpen- 
dicular unit vectors. 

The problem of propagation o.' radio waves 
through the ionosphere is of course solved by 
looking for the appropriate solution of Max- 
well's equations. 

r X E ^ ' H <1) 

In the case of the ionosphere, the free electrons 
present give rise to a convection current Ne\ 
so that the total current J is given by 

J -  I + NeV. m 
Furthermore the motion of the electrons must 
satisfy the force equation 

eE - mV - vmV 4   '" v X H° - 0.       (4) 

Here the term (c/c) V .' H is the force due to 
the magnetic field of the earth. This term 
causes the paths of the electrons which are 
OMifllttllg under the influence of the electric 
field of the radio wave to be bent (if moving 
with uniform speed they would be bent into 
circular helices) and thus causes the wave to 
be split into ordinary and extraordinary com- 
ponents. The term cmV is a dissipativ'e force 
produced by collisions with the neutral air 
moIeculeiTThis term gives rise to the absorp- 
tion of the wave. 

Since we are looking for a plane-wavt" solu- 
tion, we substitute into equations (1) to (4) 
the plane-wave function, exp[t(y.> n . r-opf]. 
Here ,i denoti» the complex index of refrac- 
tion, n denotes a unit vector normal to the wave 
front, and r is a vector denoting the position of 
the field point from a fixed origin. The field 
equations can In; satislitd providing the pa- 
ramfters   fulfill   certain   relations   which   are 
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Aiund by Bulmtituting the plane-wavt function 
into the equatiünM. Thu« ^ comes out to be 
doubli'-'Rlued showing the splittirg ir.to ordi- 
nary ami extraord'uiir;; wave compoaents. For 
each of theae values of ihe index of refn^'iion. 
the Held pquntions tail be solved for tbe .-le^tric 
and ma^ ietir intersities. Whi'.n aueh a solution 
is carried out for the case of plane waves in- 
cident m the ionosphere from a transmitter on 
the «round, it is found thai the ordinary and 
extraordinary waves ;,re both elliptically polar- 
ized, the state of poi.imatiim lieing indepen- 
dent of the poiarization of the incident wave. 
This result is important for short-wave direc- 
tion fimiinjt since il means that no matter what 
Ihe transmitted polarization may be, the down- 
coming ionospheric waves will, in general. '*■ 
illipticaDy pularized and can therefore life re- 
wlveei into two plane-wave co.T.poneina polar- 
ked parallel and perpendicular respectively to 
the plane of incidence and having a suitable 
phase differencr. The difference in aiimuthal 
response nf a direction finder to the several 
components of such a field will therefore result 
in inaccuracies Of the bearing. 

*** Kffecla of Faitiii); 

These inaccuracies will vary as the atat« of 
polarization of the downcoming wave varies. 
particularly since both the phase and ampli- 
tude of the parallel and perpendicular compo- 
nents varies. Norton1 has treated this problem 
([uantitativcly by considering the effect of fad- 
ing of the ordinary and extraordinary waves 
on the resultant downcoming wave leiiual to 
their Vector sum). 

There are two causes for the fading of iono- 
spheric waves; phase interference between 
waves traveling along slightly different paths 
in the ionosphere, and changes in Ihe absorption 
of radio waves caused by variations in the ioni- 
zation distribution in the ionosphere. The phase 
interference is responsible for the rapid 
changes in intunaity which occur from minute 
to minute, while the changes of absorption are 
responsible for slower changes in the average 
level of the received fields which occur from 
hour to hour and from day to day, Theae latter 
changes can be neglected for this work. 

The fading caused by phase interference is 
a result of the irregular nature of the iono- 
sphere. The huioapheiti probably consists of 
clouds of ions distributed in such a manner 
that a single downcoming ionospheric wave 
actually consists nf a large number of compo- 
nent waves, each of which has been reflected 
at a slightly different place in the ionosphere. 
Theae separate wave components, since they 
have traveled along slightly different paths 
through the ionosphere, will arrive at the 
ground with random relative phases. This fad- 
\FZ has Ufln found experimentally" to follow 
a distribution law first derived by Rayleigh 
which gives the resultant of a 'arge number of 
^aves of the same frequency but of arbitrary 
phase. Using this distribution law, the fading 
■c-f the ordinary and extraordinary downcomini; 
waves can individually be determined and 
therefore also the fading of the resultant down- 
coming wave. Clearly this fadiiifr of the ordi- 
nary nnd extraordinary waves gives rise to 
variations in the state of polarization of the 
resultant downcoming wave with concomi- 
tant variations in the d-f polarization error. 
Such variations in state of polarization have 
been observed experimentally and account for 
the swinging of bearings observed in practice. 
The complete analysis of the fading problem 
leads to the general conclusion that, except for 
the two special cases given below, the relative 
amplitude and relative phase of the parallel 
and perpendicular components of a downcom- 
ing ionospheric wave will have a random dis- 
tribution, the distribution being more nearly 
random the higher the frequency. The average 
of a series of swinging bearings will then be 
close to the true bearing (excluding lateral 
deviation) except for frequencies near the 
magneto-ionic frequency or near the maximum 
usable frequency. 

Several conclusions relative to direction find- 
ing may be drawn from the preceding discus- 
sion. It is clear that the state of polarization 
of downcoming ionospheric waves will vary 
over wide limits, there being times when the 
parallel ce-nponent only is present and times 
when th i perpendicular component only is 
present. The phase between these two compo- 
nents also can have any value. These variations 
have  been observed experimentally by direct 
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measurements of Üie stttte of polarization of 
dowrcoming- waves. BuÄigniea' has proposed 
that some of the large bearing errors previ- 
ously ascribed to lateral deviation may perhaps 
be accounted for as polarization errors occur- 
ring when the desired component of the wave 
is practically zero. Clearly, for these cases even 
a direction finder having a very low standard 
wave error would exhibit a large beftnng error. 
It is therefore evident that the reduction of the 
standard wave error alone will not prevent the 
occurrence of a certain percentage of large 
bearing errors. Since the period when this hap- 
pens will usually be abort, NBS and Busignies 

t.ffiri of Ground i 
■I the Direcli' 

i Tolal Field 

The preceding discusainn of the nature of the 
downcoming ivav^s must be supplemented by a 
consideration of the effect of the ground reflec- 
tion en the resultant field at the direction 
finder. The response of the antenna system in 
this resultant fleld can then be calculated and 
therefore also the polarization errors. 

The wave coming down from the ionosphere 
will be effectively a plane wave since it will 
have come from a great distance. It will be re- 
flected from the ground, assumed here Ui lie flat 

B>0uWr- Mgjg*- 

r E, «t height t rand. 

have independently proposed a direction finder 
in which the taking of bearings is automati- 
cally prevented unless the state of polarization 
at the incident radio wave is favorable for ac- 
curate bearings. The antenna system in this 
method is used not only to lake bearings but 
also to measure the relative polarization of the 
downcoming wave and thus to control the in- 
dications of the direction finder. 

A direction finder using spaced, horizontal 
loop-antenna elements has been suggested by 
NBS' and others as having favorable proper- 
ties for accurate direction finding. The opera- 
tion of such a direction finder requires a per- 
pendicular component in the downcoming wave. 
The preceding analysis has shown that such 
components will be present approximately 
equally with the parallel components, so that 
dirtttion finders designed for either component 
are feasible. 

and homogeneous, so that the total field will be 
given by the vector sum of the direct and 
ground-reflected waves. The reflected wave can 
be calculated by using ^resnel's equations; somu 
typical case's will be given hrre to illustrate the 
large magnitude of the effect on the resultant 
field. This will have an important bearing on 
the selection of a suitable figure of merit ft., 
polarization error in direction finders. Figure 1 
shows the geometry of the problem for the case 
in which the electric vector lies in the plane of 
incidence. The electric vect >r K,, of the inci- 
dent downcoming wave is shown as a d 'ted 
line while the electric vector E,, of the corre- 
sponding ground-reflect«! wave is shown as a 
solid line. Since the vertical component E,.t of 
the resultant field is in general nut of phase 
with the component parallel to the ground, V,,,, 
the resultant vector f',r will rotate in an ellipse 
in   the   i-k   plane (the  plane  of   incidence). 
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FiKure I has been drawn for the particular 
ciwe of a downcoming wave on a frequency of 
1 mc arriving at an anit'e of elevation ^ ~ 4° 
ovar land of average conductivity n - B X 10 " 
(:niu and with a dielwlric constant K 15; the 
ellipue repreHents the rniultant Held at a height 
i      10 feet. 

The general equations for the reflected wave 
are given by Fresnel's formulas as follows: 

- ÄrE, (6) 

where the plane-wave rcflectio 
given by 

M;8in ^ + VB
1
 — c 

coellicients are 

Ä. ■= ajn ^   - v» (8) 

these equations n is the complex index of 
refraction of the earth and n' - K - iA' wh -re 
X -= 1.797 X lO'W/; " i» the conductivity of 
the ground in emu. / ia frequency in megacycles 
per second, and K is the dielectric constant of 
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Ihe ^riiiind. The iiumcrital maKnitude of the 
(|uantity A' is of fundamenial impnrt^nce in 
mincrtion with thp err«ct >f the grnund nn the 
radio waves, the nature of th. reflection lieinR 
radically different in the two cases when X ll 
vrr. much lar„er than tl.e dielectric constant 
and when X ia very much snmlier thin the di- 
electric cnnatiint. 

* of .V tor vor 

LuDii, n.fMig.1 r-.ndurtivlly   ". < 111 "    1 «U.M6 
hni-d, amrut» conductivity   5 « IV*    6 17.B7 
l.nnd. ■vri;>rr rcnductivity   r. ■ llh " 48 I.HS 
i\t» >T«»r 5 x I«-"    1 I.Tfi ^ 10' 
S*a *«l«r 6 x 10 " W l.W K 10> 
Cap\*T D.8 x 10-*   10 1.04 K 10" 

"^he dielectric constant variwt over a much 
more limited rantw, from unity for «ir to 80 fgr 
water. The dielectric constant for land varies 
from about 5 up to about 30. In many of the 
calculations on Bpeciflc direction finders given 
later on in this repoit, computations were de- 
sired for typical cases; accordingly averajte 
([round constants of K      IB and "   "   5X10 " 

Fiirure 2 illusU'ltes the intensity and phase 
relationshiii (as irivu.i by H, or R,\ between 
t'iL' incident and the «round-reflected waves for 
the case z 0 The vector diagrams give the 
cases in whicri the electric vector Is either par- 
allel Mr perpenditular to the plane of incidence 
for three different frequencies and sets of 
gro md constant». The upper diagram corre- 
sponds to an ultra-high frequency and ground 
constants such that X << A'l the middle dia- 
gram corresponds to a frequency in the stand- 
ard broadcast hand and average gfonnd con- 
stants; and the bottom diagram corresponds 
to reflection at 500 kc over sea water. The two 
upper diagrama therefore show the effect of 
different frequencies over average land while 
the two bottom diagrams show the effect of 
changing the index of refraction at one end of 
the band. On these diagrams the intensities of 
the dintt and ground-re fleeted waves are rep- 
resented by the length of the arrows while the 
phase of the gmmd-refiected wave is lepre- 
sented by the am'le at which the BoHd arrow is 

drawn; the phase of the incident "'ave is lero 
in each caue. Each of the solid arrows repre- 
sents the ground-reflected wave for a different 
angle of incidence of the incident wave. 

The resultant wave at a d-f antenna will be 
the vector sum of the incident and ground-re- 
flected «aves. These must be added in proper 
phase, the phase difference being caused in part 
by a phase shift introduced on reflection and in 
part by the differincc in path length. When 
this is dane, ihe total field intensity is found to 
be given by the following equations: 

■ U,. nrf.1      H*» 

Kt* ■ 

&    - AV-il + W.«-"«'''""'-*!. Uli 
Figure 3 shows these three components for 

the case wheii Kr_. ■ E,,,i " 1 for heights z 
- 0 and */■! above ground and for the same 
freijucndes and sets of ground constants as for 
Figure 2. Notice that the vertical component 
K,,.: increases, at z - 0, with increasing values 
of X (increasing conductivity or decreasing 
frequency) while the horizontal components 
Kfr nnd K, decrease with increasing values of 
.Y. On the other hand, at a height A/4 above the 
grmmd, t:rJ and K. increase with increasing 
values of X. These Hgures indicate that a direc- 
tion Ander designed to respond to the Kr com 
ponent of the wave should be located over 
ground with the highest possible conductivity 
to increase K,,, and decrease E, which is usual- 
ly responsible for polarization errors. 

The relative values of the total field compo- 
nents will depend on the height z at which the 
fields are considered. Since Er. is usually the 
desired field component while '■,'., is the un- 
desired component, the ratio \BjEt.,\ is shown 
in Figures 4 and 5 for frequencies of 2 and 20 
mc as a function of height s of the receiving 
point. These curves are drawn for equal parallel 
and normal components in the downcoming 
wave and' are given for several ground con- 
stants and angles of elevation. The important 
result to be noted is that, under most condi- 
tions, the effect of the ^ruund is to suppress the 
horizontal component in the resultant wave in 
comparison to the vertical component. When E„ 
is the undesired field component, it should be 
clear from these figures that the d-f antenna 
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lystem should lx< located a 
trround and DTU giound with Ihp highcat pon- 
sible conduftivity. At 20 me. Fijrure 5 shows 
that for ItCgtf aiiKie-t of ile^'atiaii the vertical 
component rsther than the horizontal compo- 
nent is often Huppressed, From the».1 two flir- 
ures it li clear that in the case of a direction 

a possible to    of loop-antenna direction findtrs the mairnetic 
field eom[w,ientB are ah» needed and i 
tiiven btdnw for the resultant Held of nn inci 
dent and (troumi-rpllectod wave uting Heavi 
»ide-Lorentz units as before. 

ff,. 
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A consideration of these equations indicutcs 
the effect of the heiTht above ground when the 
direction finder lines loop-antenna element«, that 

liURK 4.   Ratio of re 

finder designed to respond to f.'., such a« the 
spaced horizontal loop-antenna type, the an- 
tenna system should not be placed too close Ui 
the ground. In fact an optimum height of about 
A/3 to \f\ is indicated on Figure 5. 

Figure 6 indicates the maximum height for 
direction finders designed to reject E,. This 
figure shows the height above perfect ground 
(n cc) at which E./E,.. equals E.j/E,,*. 
Below this height the ground acts tu suppress 
Em so thnt the direction finder should be kept 
below the limit. Over imperfect ground this 
limiting hditht will be ev-n less. 

So far expressions for the electric field com- 
ponents only have been considered. In the case 

5_~|~i 
Li» 
^ i 5 
T ^+ »■" 
t TTIW    '     "    1 

1   1 !l 
HCISHT IN rttT t 

is, magnetic dipole elements. In particular, for 
the spaced, vertical, coaxial loop-anUnna sys- 
tem, the undesired field component is E.. while 
the desired component is H.. Since 

E,/n. -  - &/ÄU ci*^. ti«) 

Figures 4 and 5 may be used in connection 
with the spaced coaxial loop-antenna system 
simply by multiplying the valuts given in the 
curves by the factor cos ip. 
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Ti« prwpiiiiiK «wlions have shown how the 
lotul Mti comimnentM at a direction fiiidfr are 
<i(-lermined for dswneomiog ionospheric WkVM 
fur any bwiuouy or values of ground Mh 
»tants. The response of the antenna system in 
sufh H field must next tie calculated, indudinit 
the effect   of  Ifoth  the desiretl  iind  undesired 

4^m ---Pit s^,  
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The response of the antenna system to any 
field component will be proportional to that 
component and will have a certain functional 
dependence on the azimuthal angle rf. and angle 
of elevation f of the incident wave. The azi- 
muth angle .(• is the angle between the plane of 
propagation and the vertic«! plane pas»inn 
through the centers of the two spaced anleniia 
elempiita. The output voltage P of the antenna 
sv-Btem can therefore be written a» follows. 
where the voltage» induced in the antenna 
elements and in the feeders are arbitrarily 
separated. 

T -  Pmrnm + VM** CW? 

Kit 

9   4      B   S li 

FNEOUCNCY f  IN  MESkOUS   PER  SECOND 

FhiHRE S.   Muximum htlght above pfrfc.'t grnund 

field components on the d-1 azimuthal direc- 
tional pattern. The departure of this directional 
pattern from the ideal pattern obtained for the 
desired field component alone is the cause of 
the polarization error of the antenna system. 
The difference in bearing given by the ideal 
pattern and the actual pattern is eipial to the 
polarization error. When the incident wave is 
assumed to have equal parallel and perpendic- 
ular components of such a phase relation as to 
cause maximum bearing error and to have an 
angle of elevation of 45'. the calculated error 
«ill be Barfield's standard wave error. 

= k»t 
*■*)■ 

In these eijuations the proportionality cona'anta 
h and k, corresponding to desired and un- 
desired pickup respectively, are to be deter- 
mined experimentally. The feeder voltage here 
is mec.nt to include all undesired voltages. The 
National Bureau of Standards has adopted a 
standard value of tf as zero in this werk so that 
the values of ft and k may be determined by 
measurements on the ground, that ia, at hori- 
zontal incidence; this seems to be posaible for 
most direction finders. The fu-'ctiona fd*,^] 
and fif.ii-) give the directional dependence of 
each term in the response and are complex 
iiuantitie» including the phase of each term. 
The functions are dimer.sioniesa, while V is to 
be measured in volts and the field intensities 
in volts per meter. In this case the constants h 
will be measured in meters. These functions 
will depend on the particular antenna system 
being considered and are used in the preceding 
equations aa holding for a single pair of spaced 
antenna elements, that is, for a rotatable type 
of direction finder. Fixed direction finders will 
lie considered later. 

Equations (1G( to (18; include the effect of 
the ground reflection. In most cases the func- 
tions F(*.^l and A*,^) can be accurately writ- 
ten down a priori from a knowledge of the an- 
tenna structure. Tlie NB3 provedwe usualln 
used t> to tuSHWM a /"ion fhe lie/icwienee on if 
n-kilr fhe ilependenee mi « eon be rieterminrd 
by nmiwemenls on Ihr giaunii. The total field 
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componentH Wf^ Wr,, and H„ could be uied in 
eiiualion» (171 and (IS) inrtcad of the dertrit 
Held tnmponenU witS e;iual jtenerality. The 
fWdH can inilurc voltaK« in the antenna sys- 
lem dlrtr'.iy or indirectly through pickup and 
ruradlaH in ol wire«, aupportiutt P<«ta, etc. la 
any 11«. Ih« UiUl untput voitace can be found 
H» a rwi",11<m "f * i that It, the aiimulhai direc- 
tiviiy -Hern will be given by eiiuation (16) 
and e*it bfi rewritten aa follows: 

V - E^iiW. + V.'J'."' 

+ (W, + w-i + f w» + '**%■,/ 
Here the shape of the directional pattern is 
seen to lie determined aimply by tha ratio of 
the total field components, which in turn are 
fixed by the rutio of the para'.lsl to perpendic- 
ular components in the downcoming wave. 
Therefore the units used for E or H »D be 
arbitrary when caiculnting polariMtion errors 
since only the ratios of the field wmpouenta art- 
needed. By «etting B^t ^ %*.' md ^ -= 46°, the 
directional pflttern for standard wavus can be 
found. In moat direction finders many of the h 
and k constants appearing in equation (19) 
are HM or nesriiiibly Hinall: also Ibe different 
h or ft consiants are sometimes eqnai. This sim- 
plifies the problem considerably. 

fltjuation (19) give» the phase and ao.pl liiii..: 

3f the output voltage as a function of *. Thia 
directional pattern therefore can be comprtirH 
with the ideal, dtBired. diiectional pattern for 
either tJie phase-c-.m pari son or nmplituds-vom- 
parloon d-f (ypei The ft constants eorrowpond- 
ing to the wanted response should be large 
compared % the k conntants corresponding to 
the unwanted response in order ttat the dis- 
tortion of the directional pnttern and therefore 
the pol.'Hiatlon error be a Tiiinimum. The ratios 
of ft to k can therefore be used as figures of 
merit for judging the freedom from polariza- 
tion error of a given direction finder. Th» use 
of these ratios for this purpose has the advan- 
tage that the ratios are independent of the 
ground constants and height of the direction 
finder above the ground. Each type of direction 
finder wW in general require a different proce- 
dure to be used m determining the polarization 
error   from  equation   (19).  For example,   in 

.YSIS  5? 

those direction finders which determine a bear- 
ing by routing the antenna system until a mini- 
mum in the output voltage is found, the bear- 
ing, +, will be given by the equation 

d* 
(20) 

Since in moat matable systems the true bear- 
ing is given by * = 90c. the bearing error or 
polarization error . will then be given by 
90" - 4 where « is the asimuth anßle satisfying 
erjuation (Bfil. The value of . obtained from 
equation (20), or other determining equations 
depending on the direction finder, will be a 
function of the phase angle uf the various 
terms in V and these in turn will lie variable 
Mnce the phase of the components in the down- 
coming wave are random. The maximum value 
of t is usually the vniue desired. This is then 
determined by letting the relative phase of S^t 
and /■-.■„..i be vuned .intil the maximum value of 
c is found. 

For the case of fixed-type direction finders, 
the directional pntlern is found for each pair 
rf antennas and the beating determined from 
theae patterns in a manner depending upon the 
particular d-f type. A eoromon example is the 
lype using a goniometer or similar principle 
with the antenna pairs at right angles to eai'h 
other, such as the Western Electric-Civil Aero- 
nautics Administration and International Tele- 
ohone and Hadio fixed direction finders. For 
this type the t&served bearing e relative to the 
plane through one of the fixed pairs of anten- 
nas will bo given by 

where V, and V. are the output voitcgres of the 
two pairs of anteunna. The correct bearing * 
relative to the same plane is given by 

IM 122) 

only when V, andV, follow the ideal directional 
patterns for whic'o the antenna systems were 
hem .tirally designed. The polarization error, 

., is in this case given by .,. - ». The maximum 
value must again be determined by varying the 
phase of the field components in the down- 
coming wave. 
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IVPICAL CALCULAViON 

To illuatiBte the method of mkulatinc polar- 
:/:iliiiii errors the case of a rotatabte, baünced 
H anttinna uitl be workecl out' 

The rotatablv balanced H-antenna d'rcctio.i 
flnder \» a spnced, electric dipole natem ot the 
Adccck variety in which the dipote» are dif- 
ferentially coimettt'd by means of hoj b.ontal 
traniimiBainn line«. Theat linoa arp aometirae» 
Dncioaed by a meta! shield and «ometines not 
For vertical dipoiea, the antenna elenients will 
respond d^-c-ctly only to the ver'ical ctpctric 
component of the field of the radio wave. Volt- 
nsc may be induced in the dipoleA by the hori- 
«ontal component of the field, indir-fctly, if the 
coupliiig to the dipole« of some other part cf 
the system excited by the horisontal Held ccm- 
ponents is not negHsible. The polar response 
pattern of a vertical dipole la nondirectionc.l 
in ar.lmtUh, while it is a figure eight having cir- 
cular lobes in the vertical plane when the 
length of the dipole in small compared to the 
wavelenr^h A. In general the vertical directional 
pattern of a dipole depends on its length and 
hai^ht above ground, in the case of '.he direc- 
tion ftnders moaaiired by NBS, the antenna was 
alwayr short enough to be considered as a pure 
doublet with a figure eight response pattern, at 
least for elevation angles ^ up to 4ö to 60 de- 
grees. The renprnae of the antenna elements 
will therefore be taken to be proportional to £,',- 
alone and tho pattern will thus be a figure ■i ith* 
in the vertical plane. The function, F,($,$), 
however, includes not only the directivity 
function for a single dipole but uls- for the two 
dipules differentially connected together. The 
total dipole response will be the vector differ- 
ence between the voltages induced in the indi- 
vidual dipoies and so will be proportional to 
twice the sine of half the phase difference be- 
tween these voltages. This phase difference will 
be 2r{d/x) cos ^ coa ^ where d is the spacing 
between the dipoies. Accordingly the total out- 
put voltage is proportional to 2E,, sin [rd/'O 
cos !/■ cos 41 or, when rf/A is small as in generally 
the case, to 2»^,., (rf/A) cos ^ co.s *, It there- 
fore follows 'IT this case that 

\FA*,*)[ --coa^coa*, 
or if f = 90° - «, 

|F,(.,^)| ^coa^sint. (23) 

The biJanced II .intenni-. also has an unde- 
»ired reeponep to the horiav.ila! fomponent£ of 
'he field fe". and F,. . The mechanism of this 
VfflPOC«e in not t. .r.ple'ely understood, excopt 
thai it is aaunH by the voltage induced in the 
borisontal feeders or the shidd surrounding 
the feeders. Clearly the propcrtionalit/ con- 
stant for this picki'p --vill be the seme for re- 
spotiae to both ft, and AV,. A!i-.i the response 
will be nondirectior„; ii. the vertical plane 
since the feeders t*a be considered to act as a 
homontfi! antemi.i \lmfai by the dipoies, un- 
les.i BOSMiSt«!, (or example, by cathode follow- 
ers). The following explanations hsve been 
propoaed for thir unwanted response: (1) The 
system Is unbalanced because the lowe>' halves 
of the dipoies ure ctoaer to the ground than the 
u;)per halx'tM. {?■ The feeders or feeder shield 
have unba'nnced coupling to the dipoies. In 
either case the din.ctional pattern ior this re- 
spuiisr would be expected to be the same as 
that of a horiBCntp! doublet (since the length 
of the feeders is stiort compared to A) . Fmaliy, 
the aalmuthhl FegpOBM pattern can be deter- 
mined by measurvment» and has been found to 
be that cf a horii'.n al doublet. It follows there- 
fore thPt 

]/,(.,,[)]      cos. (24) 
and 

IM*#>| " »in., (25) 

Since for this antenna system h, -- h, « k. 
■■' 0 and Jt, =- k» the total output voltage, drop- 
ping the subscripis, is 

V - hB,, COH ^ sin . + kEfir e'* sin t 
+ kE* ?■» cos .. (26) 

Here ß is the phase angle between the output 
voltage induced by E. and that induced by*?,,... 
It can have any value in practice as already ex- 
plained. The phase angle ■. is In part made up 
of a phase shift between Er,r and £,,., intro- 
duced by the ground reflection and in part 
caused by phase shift in the antenna circuit 
depending upon the differential antenna con- 
nection and the exact mechanism of horiiontal 
response. 

Equation (26) gives the d-f aiimuthal direc- 
tional pattern. The ideal, desired pattern is the 
pattern obtained when either k or E. is zero. 
This will be a figure eight on a polar diagram 
with a null at • - 0, the true bearing. In equa- 
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tion (26) there will not be a null but simply a 
minimum response unless 0^0. For this ease 
(ß - 0) the figure eittht will be routed so that 
thü irJll does not occur for . " 0. Since tne 
bearing is taken as that value of . for which 
| F | is a minimum, an incorrect bearing will t>e 
obtained. In general, the response pattern will 
not have a null but a broad minimum and in 
addition will be rotated. By solving the equation 
SjVI/Ji " 0. the bearing error or polarisation 
error can be obtained (. equals the bearing 
error since the true bearing is given by « = 0), 
It is found that the error is a maximum when 
ß = 0, that is, for cophased output voltage». 
The maximum polarization enor is given by 

,„    . I*?.! ,      ....        (27) 
lan '     |JiE,,;cos^+ lcE,.,e-*\ 

For downcominK ionospheric wave», the val- 
ues of E,„ E, -, and £„ can be obtained from 
equations (9). (10), and (11). It is clear that 
™!y the ratios of the field components need be 
known. Also only 'he pickup ratio h/k need be 
known as seen by rewriting equation  (27) as 

W™*^" 
i2'6) 

In general, the h and k constants only need be 
measured to within a constant factor since this 
constant can always be factored out of the ex- 
pression for V and so will not alfect the shape 
of the directivity pattern. 

By taking &V- " E;' and i* = 45°. equation 
(27) give» the value of the standard wave 
error of the balanced H antenna. However, the 
polarizatior. error for all values of ^ can be 
obtained once h/k is known. 

In general, the polarization error is smaller, 
the larger the pickup ratio h/k, as seen from 
equation (28), The National bureau of Stand- 
ards has proposed the use of the pickup ratio 
as a figure of merit for polarization error in 
direction finders. It is clear that the pickup 
ratio is independent of the ground constants 
and of the height of the direction finder jbove 
the ground and so lends itself to the compari- 
son of different direciion finders of the same 
type, that is, following the same law for polar- 
ization error, such as equation (28). This 
comparison ^s to accuracy can therefore be 

POLAKIZATHIN   E«R<W . i? 

- separated from the complicating influence of 
the ground and height above ground. Once this 
fundamental constant is known, not only the 
standard wave error but the polarization errors 
for all values of •!> can l)e determined for any 
particular ground and antenna height. A curve 
of . vs J. win be plotted; it is this complete 
curve which should be compared with similar 
curves of othc tjn^» of direction finders to 
compare their accuracy relative to polarization 
errors. The pickup ratio also furnishes a figure 
of merit by which the progress of development 
work on a particular direction finder can be 
judged. The effect of changes in the design can 
thus be studied and the cauae and mechanism 
of polarization errors isolated, 

A useful figure of merit somewhat similar to 
the standard wave error is the polarization er- 
ror for a horiinntally incident wave with equal 
E,,, and E, components of such phase as to 
cause maximum bearing error. The error for 
this wave will be called the horizontal wave 
error. .„ while Barfield"s standard wave error 
will be dsn^ed by .,-.. For the cases of the 
rotatable H-witenna direvtion finder, tan »„ ^ 
h/h. The ^ error is independent of the ground 
constants or height of the direction finder 
above the ground. 

MKASl RKMKM   (IK ItH.AHIZATION 
F.RKOK 

V). I Wave Measurement« 

The preceding section ha« shown that the 
problem of the measurement of polarizati.m 
error can be reduced to that of measuring the 
pickup factors, the constants k and fc. In moat 
diroition findera the response of the antenna 
system can be reduced to a single term by plac- 
ing the antenna in a suitable plane-wave radia- 
tion field, having only one component such as 
A', or i',.„ and orienting the anWna to the 
proper azimuth angle. By properly choosing 
the field, the antenna output voltage can then 
be made to be 

V, - JkE.FW.^) (29) 

V.     kEMM (80) 

where E, and t'.. are the particular field com- 
ponents used. The field intensity can be meas- 
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ured by meanii of a fleld-intenshy met«r, and 
the output voltagre V of the antenna lystem 
alHu determined. The value of /■■|.(... ■ or f(*,*) 
is known, so that equations (29) and |;.J> can 
be notved for the pickup factom. 

A = (U) 

Usually the flolrt used is one at horUtmtal inci- 
dence so that f ■ 0. ThiB simpliHe« the tech- 
nique by Rllowing all meaBurements to be made 
dose to the ground. Often the measurements 
must be made at horizontal incidence to reduce 
the response of the antenna to a «ingle term ; the 
presence of voltage corresf-ondtrg to more than 
one term would require a knowledge of the 
phase of each term. Also the measurements are 
usually made at particular values of 4, in order 
to obtain various experimental advHntages. 
The pickup factors can be defined as the output 
voltage per unit field intensity for azimuth and 
elevation angles such that *'(-M) and f<M) 
are unity (provided they can assume such val- 
ues, as ia usually the case). This is the reason 
for the desigmition pickup factor. 

Usually the azimuthal directional or re- 
sponse patterns of the system are determined 
by mcaauring V and W for the apecial fields al- 
ready indicated as a function of « (withi^ ■• 0). 
If the response Is defined as the ratio of V to ft", 
that is, the oulp'it voltage per unit field inten- 
sity, these curves will I* given by 

V, 
hFi*.0) 

■jf    kfH.fi). 
The response is wpial to the pickup factors if 
and when r or f is equal to unity. 

To illustrate the procedure just outlined, the 
case of the balanced H antenna will again be 
treated. When the antenna is placed in the field 
of a plane wave polarized parallel to the plane 
of incidence so that E,,, ^ E.~Q. the output 
voltage will be 

V - Et,: cos .i ain •. (33) 
When ^ - 0 and 1 - 90", V and £„; are mea- 
sured, giving h F/CM in meters if V is 
measured in volts and A',,; in volts per meter. 
Similarly if a plane wave polarized perpendicu- 

lar to the plane of incidence is used so that 
B,. » Er. ■■ 0, the output voltage will be 

V = kE.<M».. (34) 
so that k • V/E, when . = 0. In this case the 
pickup factors are equal to the output voltages 
per unit field intensity at maximum response. 

»•"     Applicalion to Buried U Dirpclion 
Finders 

A difflcutty arises when applying the method 
just outlined to the buried U-anteima direction 
finder. As it* name indicates, the antenna con- 
sists of vertical electric elemcnta connected by 
horizontal feeders or transmission lines which 
are buried below the surface of the earth. By 
this means the field intensity at the feeders is 
greatly reduced both because of the partial re- 
flection of the incident wave by the ground and 
the attenuation of the transmitted wave by 
absorption in the ground. The expression for 
the output voltage of this antenna system in 
the field of a downcoming ionospheric wave 
will consist of terms for the voltage induced in 
the antenna elements and terms for the voltage 
induced in the feeders. The voltage induced 
in the antenna elements will involve the de- 
sired pickup factor h and the field intensity at 
the antenna elements, while that induced in the 
feeders will involve the undeaired pickup factor 
fr and the field intensity at the feeders. Since 
the pickup factor k is the proportionality con- 
stant relating the output voltage of the antenna 
as a result of voltage induced in the feeder to 
the field intensity at the feeder», both the out- 
put voltage and field intensity must be meas- 
ured to deiermine k. Because the feeders are 
buried, the difficulty then arise/, of measuring 
the field intensity below the ground. This diffi- 
culty can be met, however, by a procedure to be 
described in which expressions are used for the 
field intensity at any depth A below the surface 
of ground having arbitrary constants. 

The procedure for avoiding the above diffi- 
culty in measuring k is as follows. In all meth- 
ods of studying polarization errors, the errors 
must be determined from a knowledge of the 
field intensities in an inciiient. downcoming 
wave. In the NBS method the output voltage 
of the antenna system must be calculated when 
these field intensities are given. This involves 
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the cslculalion of the field inleiiaily at the aii- 
tenna compünent» when the fleld inteiisity in 
the ineidfnt wave ia given. Howtver, thf rteld 
intensity at the antenna componenis can tie 
apetified in terms of the Add intenaüy nt any 
other i«jint. If this reference point is lakeii to 
be the ssme for u\e vertical antenna elements 
and for the buried feeder« and to be above 
BTound, both k and I; ean be measured by pro- 
eedurea quite nimilar to thoae already given. 
The reference point could be taken at the cen- 
ter of the d-f antenna «yalem et a height, I, 
above the ground. 

Before proceeding to a development of this 
procedure some specific points must be con- 
sidered concerning the expreasmn for the out- 
put voltage of the vertical antenna elements 
and concerning the effect of a ground mat. In 
the other direction finders which have beef, con- 
sidered, namely (hose using elevated antennas, 
the field intensity was take'i to be the aanr? 
over the entire region occupied by the antenna 
elements. This assumption is probably not a 
good enough approximation for the bur.eo 
U antenna, so that an jntegTation oi'er the Mi- 
tenna elements would he required to obtain a 
more accurate expression for the induced volt- 
age. However, in the simplified analysis to be 
given, this will not be done, the assumption be- 
ing made that the field intensity at the center 
of the antenna system can be used for comput- 
ing the voltage induced in the antenna elements. 
Some buried U-antenna systems use a large 
ground mat which must be considered when 
computing the field Intensities above and below 
the surface of the ground. However, in the 
analysis to be given it will be assumed that no 
ground mat is present or that it is ao small 
compared to the wavelength that its effect on 
the field intensity can be neglected. 

A derivation will now be given of the expres- 
sion for the total output voltage of the buried 
V antenna without ground mat as a function 
of incident angle as the principal parameter. 
The polarization error«; can then be derived ac- 
cording to the particular indicating method 
used and BO will not be given here. The voltage 
induced in the feeders by KPJ can be safely 
neglected since ft',., will be very small except, 
perhaps, for very large angles of elevation of 
the incident wave. The output voltage as a re- 

sult of voltage induced in the antenna eieinents 
wifl be fcAV- '-■"s <i sin i, where K,.: is the verti- 
cal electric field i.itenaity ii the cen'.T of the 
antenna syatetii (a height z above the g-ound). 
The output v^tage as a result of viritsge in- 
duced in the feeders wi!l be kK., MM (. wh-re 
/■;., is the transmitted hcriiontal electric fcid 
■mensiiy at the depth. .\. below the ground 
where the feeders are buried. From the ma- 
terial bei'j» on d-f sites the value of K... ia 
taken as 

K,,,-f.V,,nl+ff.l'i*- i)(-.i-t+iv'""H, | .'.1 

while SM is given by equation (10) us 

e»j tarn 
 the field intensity B* at the height t 

above th( ground was aiven by equation (111 aa 

/■;, - /;.v|i + ft****"1""*!'      i-i7- 

Therefore, if the direction finder is placed in 
the field of a jie/pendioilarly polari-M down- 
coming wave ir. order to measure *■, *.'. can be 
metLSured at the height ; and Eu* calculated 
by means of equation (371. Using this value of 
A'.d the value of *.',,, at the depth i can be 
determined by using equation (3S). The value 
of k can then Vie found from tne equation 

*"1  V
COB. <a8' 

wheie V. is the measured output voltage. It is 
clear that this procedure effectively meBimre ■ 
k in terms of the field intensity at the feeders 
by measuring the field intensity above the 
ground and then calculating the field intensity 
at the depth A from this measurem.^t. To do 
this, the ground constants must be kniwn. 
However the constant k still is independent of 
the ground constants or the depth of the feed- 
ers below the ground and so ia a useful figure 
of merit for measuring undesired pickup. Once 
t ia measured, the output voltage of the antenna 
system for any downcoming ionospheric wave 
will be given by 

r - h&..a<**to< + h&jtmttfi CS8) 

with /-,,, and fiVi given by equations (a6) 
and (36) respectively. Here ß is the arbitrary 
phase angle already discussed in connection 
with equation (28). 

When meaauring k in practice, a local trans- 
mitter is uded whi'-h does not generate plane 
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waves In thia case the ßeld< A', and f'.,, are 
triven ifin.v in this report and in pquat^nn 
(194), page 64, of the Norton report.1 The 
pickup factor k is then detin'minccl by the pro- 
cedure outlined except that the^e oquationa for 
a local transmitter mu*i be used rather than 
etjuatiuns (C6) and (37). After flnding k by 
using the equationn for a lo'al iranumitter. 
(Kiuations (35) and (39) must siill be used for 
calculating the polarization error for doivn- 
cnming ionoipheric icdre«. Equations (35) and 
(37) can be used to determine k even when a 
local transmitter is used provided that the 
transmitter is at a great enough distance from 
Lhe direction Ander and at an angle of elevation 
lartfe enough so that equations (36) and (3?) 
are valid. This point is discussed in detail be- 
low. When the local transmitter is used near 
the ground, however, the exact expressions for 
the field from a local transmitter nvi-' 'e used 
to determine k by measurements above the 
surface of the ground. 

"'       Local Tranismiller Meafiuremenls 

The pickup factors h and k which determine 
the response of a direction finder were defined 
for plane waves such as downcoming iono- 
spheric waves. The procedures in which apv^ial 
plane waves are used to make (»ssible the 
measurement of k and k must bt- modified in 
practice since the only practicable means of 
generating such special fields Is by the use of a 
local transmitter placed a relatively short dis- 
tance from the direction finder. The wave from 
such a transmitter will simulate an ionospheric 
wave only approximately, thus introducing into 
the experimental technique several difficulties 
which must now be considered. 

Two methods of determining polarization er- 
rors have been introduced by NBS and RCA' 
respectively.'' The NBS method uses a local 
transmitter near the ground while RCA uses 

^ The RCA method of mcaiurinB polHrLitilion errors 
uifferi fmm thr NJS MlM «Irendj oiilmiert ■■ fol- 
lows. The apedal firlda imed are thote of ■loii,nr>,m^a 

e D( Incidence, The out- 
Ke direction Ander II> meiBur«! (or each 
« Vc and V. respeetively when oriented 
spönne. The polsrintion error > In the 
es will be given by t»n i = V./Y,. Held of tmth » 

an elevated transmitter tu generate ihe fields 
requiml in the iwo muthods; urxordlngl;,- th" 
first method is a horizontal incidence method 
while the second utilises downcoming waves. 
In lioth methods the two special waves gener- 
ated are. first, a wave polarized parallel to the 
plane of incidence so that E, ~- 0 and, second, 
a wave polarized perpendicular to the plane of 
incidence so that E, ■ 0, In the NBS method 
the wave of parallel polarization arrives at 
horizontal incidence so that E,,, * 0 also. In 
practice theae conditio.iH are only approxi- 
mately mel, the deviationn from the desired 
fields being a;, follows. 

THE E,,, WAVE COMPONENT 

In  the  NBS  method   the   presence of the 
ground causes a wave tilt which gives rise to 
.i small Er,, component. The wave tilt is usu- 
ally less than 10" so that this component can 
be neglected in practice, especially since it in- 
duces voltage which is small in comparison to 
that of the *-',,- component. The pickup factor 
for the Ep, component is small because it is 
usually the feeders which are responsible for 
such pickup. 

r-ENERATlON OF PURE FIELDS 

It ia very difficult to generate a wave polar- 
ized perpendicular to the plane of incidence 
without also generating some parallel cor.'pn- 
nent. The stray parallel component becomes 
relatively more important, the greater the dis- 
tance of the local transmitter from the d-f site, 
since the ground very rapidly attenuates the 
perpendicular component in comparison to the 
low attenuation of the parallel component. The 
mure accurate the direction finder, if designed 
to reject the perpendicular component and to 
respond to the parallel component, the greater 
must be the purity of the field to measure the 
smaller polarization errov which such an im- 
proved direction under v.ould have. 

The Adcock type of direction finder, in which 
spaced electric monopole or dipole antenna ele- 
ments are balanced against each other, relaxes 
the stringent conditions for purity of the field 
since the response of the system to E, can be 
measured with the antenna oriented at the null 
position for Ep (and vice versa, although the 
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problem of generating a fiel.i with E, negligible 
ia not dlffltiilt). For thi* rwaon NBS hu mcAU- 
ured the pickup fttttors uf »ud. direction find- 
era with the antenn» system oriental in the 
proper null poaitiun. 

Careful dasigii of the local transmitter helps 
to prevent the generation of undesired field 
component«. The antenna should contain or be 
RH extension of thv= ahieM containinK the oscil- 
lator and batUries so that current flow will be 
[His.iiMc In the desired paths only. 

Finally, a flat homoueneous site should he 
used when making measurements of polariia- 

"*   Field Ceneraleil by a Ltx'al Radiator 

THE SunFAce WAVE COM: 

The presence of the local transmitler near 
the ground results in the K^neration of a sur- 
face wave component in the wave in addition 
to the direct and ground-reflected waves.^ The 
expressions for the field generated by a local 
transmitter were also obtained by BurrowB,'1" 
who USIK! a somewhat different terminology 
from that uaed here. The surface wave termi- 
nology will be used in this report since much 
of the work was carried out by using the equa- 
tions and methods of K. A. Norton. The vector 
sum of the direct and ground-reflected waves i.i 
called the space wave. The apace wave is the 
only wave present at a direction finder ior 
downcoming ionospheric waves, so that the sur- 
face wave component prevents the simulation 
of such waves by the use of a local transmitter. 
The presence of the surface wave introduces no 
difficulty in the NBS method since the total 
field intensity is measured, the effect of the 
surface wave thus being allowed for. However, 
in the RCA method and in Barfleld's method, 
the response of the antenna system will not he 
the same as for an ionospheric wave arriving 
at the same angle of elevation. The magnitude 
of this effect increases as the distance to the 
transmitter decreasca and the angle of eleva- 
tion decreases: it can be very large for the 
usual experimental setup. If it is assumed that 
the surface wave is negligible when it has an 
intensity less than 1 per cent of the space wave, 
then, considering the parallel electric field radi- 

ated by n vertical electric dipole, it is found 
that transmissions designed to simulate iono- 
spheric wave tTansmiasion must be made from 
u distance of the order of 2x when ^ ~ 45°, 
50A when 4 -   IS", and BOOA when J - 8°. 

The practical importance of the surface 
wave component for polariiation meaaurementB 
using elevated transmitters can be illustrated 
by the experience of the RCA group. In the 
RCA method, the maximum response of the 
antenna system tC the parallel polarized field 
and to the perpendicularly polariied field was 
measured, the ratio being Vf/V„. Clearly the 
pickup ratio h/k can he determined from this 
measurement at the angle f, just as the re- 
sponne at the angle j- can be calculated from the 
measured values of the pickup ratio. If the re- 
sponse of the antenna system to E„,, is neg- 
lected it follows that 

Vr = hE,.,cn* (40) 

V, ■ fcff. (41) 
since the marimtim output voltages are meas- 
ured. The total field components will be propor- 
tional to the corresponding field components in 
the incident wavi; BPi and £„>, Thus 

V, = *£■,,/, cos f (421 

V. ■ kK,_J.. (43) 

Here the functions /,, and /. are given almnly 
by   the  laws  of plane-wave reflection   rcften 
ionoitphiric u-aren are coMidertd. Thus 

/„ - ••■mi[\ + HP •■"•■■■■' ■ia*l (441 

Putting the proper values of the parameters in 
these equations and using the measured value 
of V,/V,, the pickup ratio can be solved for, 
giving 

h    V,E.,/.     ! 
k 'VJSU, cos 

In this manner RCA determined h/k for values 
of * from near zero up to almost 45°. The pick- 
up ratios thus found were constant for large 
values of f but much greater at low angles 
than at high. However, when the funellons fc 

and /. were computed using the surface wave 
component as well as the space wave, the pick- 
up ratios thus determined were constant for all 
values of ^. Accordingly, the field did not simu- 
late that of an ionospheric wave until elevation 

(46) 
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aimleu of "0" to SO'1 were reaclied. If the trans- 
mitter were moved fi'rtbev from the direction 
finder the aurfaoe «tve wnuld have been re- 
duced aincr. i' is aiteiiuated fw«tc;- than the 
s)>aee wave, 

-yc 

a fl'iitely conducting ground as shown in Fig- 
IUM 1 and 7 ami include the surface wave 
component E„ and H..t are the values of the 
electric a^id magnetic radiation fields at a unit 
disUncc in free apace in the equafori«! plane 
of the ' "wtric dipole. while E„. and H„» are 
►be co- rcuponding; vaVie.i for a magnetic di- 
poiij. The ^ h ptün ia taken aa the plane of 
inr (hnoc with I vertical; Figure 7 definea 
r,, i    #)i and ft ind the unit vectors 

Pisu.. GENESATED BY Vn-nt-M. ASB HORIZON- 

TAL ELSCT21C AND y-.r,.i!,T.C D!P;iLBB 

For purpo"'^ of reference tm JOT UM in toe 
next aecti^n of this report the crmvleie «qua- 
ttetF are given for the le'.d from vertical and 
norteontal electric and magnetic dipolcs al Jiv 
tancss, o, grei.Ut thin the wavelei^h.11 These 
expression.* refi:r to dipaleH transmitting over 

s^fT 

.-,     «M^.d-^n^k. 
ta -■ co« .M + sm fJL. 

The enpress'jiiH for ihe fields ar 
2w/Al: 

(47) 
(48) 
«») 
(60) 

B (here k - 

VertM Kteftrie and Magnetic Dipolt» 

E-«.,}««#, ^4,+ «•♦.« w * 
+ COB^(1 -/MAP. ßr). 

L™a,>lk+     "■      J 
H. -       UM jc^fi — +CM^ Srr- 

+ «»«.n    Hr)5{p,.n.) TV <52 

B.-JB^tjoa.^^ + wt^.ir. ? 
+   C(>S^(l      - «.Vlf^fl»)  — ̂ .j, ,» 

iifik - ^^,.1   I 1° 
In this case E. ^ H, = 0 for the vertical elec- 
tric dipole while E, = H. - 0 for the vertical 
magnetic dipole. 

Horizontal Eleftric and Magnetic Dipole». 

Figure 8 illustrates these cases, the electric 
dipole, and axis of the magnetic dipole (loop) 
pointing in the positive i direction. 

-W.i/l/',,«.) (M) 
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....,:.,.,.]..,*. ^<,+,i„*,«.'^,,     [c.*.^^-^*^]^)-    « 
+■  v/"'        "'"''' [1      R,)f(l;,H.'-                  K. - fc,MI»|dl»#i~ +Hin^fl.^ 

uP = or. A 

v'"' ..„.■■^ l'.;'"™l   rum +v'?r~^"^(l ■ «.l/^''-.»-)'J:T!''''l■ 00) 

(ill 

'Iv* + «/ 
J     r,   r  ■ 
5*. , - -Smto*Y~ «, + .in t, «■ '■— i 

+ (l -tt.'/l/'- ft-l- + V»' - nm' * (1   -«. 
^ 

^^L+vV orf^al- jT—>, m    icwpf.k + v^-coe'^d 

+ 11   -/w/*/ 

,*,                   ^.,               In Ü>e»e equatioiiB, R, and R. are the p 
#17- + B,n *' ""  ,7          wave SteliUO foefflciente as already defl 

The thin:   ,   m in each equetion represent 
Ii ifO' li)r'      ->.(W    surface*:   .- «nd AP.ßj^ is the surface « 

("•                             M » function of P and fi in Figures 9 an 
1 + K"   5  *'                         Here the »ngle * is the phase of the su 

wave attenuation Junction (not to be cunf 
,&}'                                        with the aiimuth angle). 

ned. 
the 

«vc 
ally 
10. 

face 
used 

o.™        COM              0.0O.          ».o.          0.0.                0.0.           o.i             e (           0^ 

1^ 

1 3 * 11 ̂  ̂  
mm wm ̂  

^ 
^S x 

t    M 
^ §$\ 

Nj ̂ §5^s\ 

1 ^^^ ̂  

"' 

N 
% L 

  — 
\ k 

0« - 
KUH IK *L oiin>«f- 

,        1 
0            to 1 

Fi,,.» ».  S.,l.« -.« .t.™«i.i™ <u..nlm.. 

CONFiDENTIAL 



INBS   HKiH-FHeVtEIVi.Y   DIHEt:TIO!NF 

l\ m Pt.'". ((i:t) 

pmglM* m ■  i^-    «111*,+ l/«1—ÖÖ^tj.  |fl5) 

^1 _ v-.:: — ^..«. 

Ü „(g ii r~ - 

r'loliM 1Ü. Ph»i« of iarf«CB wmv» «lt»nu«tion 
funrtinn. 

P. ai.u /*- are called numerical distances. The 
prect'dirifr expreasions for the field from a 1- al 
radiator reduce to the values jtiven for me 
wave» when r is allowed to increase «...nout 
limit. 

To indicate the magnitude of the surface 
wave, Figure 11 shows the ratio of surfac« to 
space wave intensities at the surface of the 
earth radiatpd from a vertical electric dipote 
at a height a, It is seen that the nu&tW wave 
falls off with iucreasinir distance r and increas- 
ing elevation angle ii. For a local transmitter 
at a diHlance of one wavelength, very large val- 
ues of f are needed to simulate a downcoming 

plan«1 wave. 

'■" Radiator Parallax 

An examination of equation (56) for the 
field from a local horizontal electric dipole 
transmitter reveaU that E,--^0 except in the 
equatorial plane where cos * - 0. Whco such a 
radiator is used for determinations of polari- 
zation errors there will be Er components at 
the d-f antenna elements since these will lie on 
either side of the equatorial plane of the trans- 
mitting dipote. Furthermore the phase of the 
fields at the two antenna elements will be op- 
posite so that the induced voltages will add up 
in the output of the nystem, as a result of the 
differential connection of the direction finder, 
causing an error which will be lulled "radiator 
parallai." The response of the antenna aystem 
to these ft'„ components is not desired when 
using such a horiiontal dipole, since the re- 
sponse to E, alone must be measured to make 
possible an accurate determination of the cor- 
responding pickup factor. 

These undeaired parallel components will be 
present for both horisontal incidence and ele- 
vated transmitter methods of measuring polar- 
isation error. The presence of the ground is 
responsible for this state of affairs in the case 
of the horizontal incidence method where the 
transmitting and receiving antennas are at the 
same height above ground, since there is no Er,: 

component in the direct wave isin *, = 0) 
while there is such a component in the direct 
wave from an elevated transmitter. The sig- 
nificance of the undeaired ttt coraiwnent in 
direction-finder testing was first pointed out by 
W. H, Wirkler of the Collins Radio Company, 
This component is important because, although 
small compared to E„ it is not attenuated so 
rapidly and so, at large distances from the 
transmitter, it becomes relatively large enough 
to render the measurements inaccurate. This 
holds especially for direction finders having 
low values of polarization error. If E, in gm- 
eratfd by m«(iM of a i-fTlieal magnetic dijioU 
(horizontal loop-antenna). E* --- 0 HO that this 

When a local transmitter is used to teat a 
spaced vertical loop-antenna direction finder 
for response to E„ there will be unwanted H. 
components at the two loop antennas if the 
transmitter uses a horizontal electric dipole. 
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Thi 
Thi 

case IK B 
result  Is 

milar to the one juat discussed,    *■'* Coll«' Parallax 

shows that the phaML' of //. will be opposite at 
I he two loops, thus cuuHing an apparent re- 
sponse tu /-,'. whi' i is niJBlcadiiiK. Here also 
the remedy is to use a horizontal loop antenna 
in the transmitter. 

Situations similar to that just described arise 

Another error which occurs with local trans- 
mitters was also pointed out by the Collins 
Radio Company. This error, called parallax 
error, occurs when measurements of polariza- 
tion error arc made on spaced, vertical loop- 
antenna direction finders. 

^ tw 
iii  j .,'...t..1,,   | 

p- s ^ V 
~~-§ g^ 

^ 
..,. 1% K 

fcj"-^ ?; \ 
\ \h, 

■ V . Vk %* 
N? 1 ^fe s^  
\ W' • "1 ̂ v. 

^•r ^ |J »M k 
^ki \ Ik X k 

when treneratinK a wave polarized parallel to 
the plane of incidence. This may also be seen 
from an examination of the preceding equa- 
tions (60) and (61). Accordingly the general 
rule follows that a local transmitter uaing a 
vertical electric dipole should be used for gen- 
erating the wave polariied parallel to the plane 
of incidence and one using a homontnl loop 
antenna for «enerating the wave polarized per- 
pendicular to the piano of incidence. 

Whnn the response of the antenna »ysiem to 
E, is tested, the forward tilt of the H, compo- 
nent of the field resui:« in pickup in the loop 
antennas which is not balanced out. This effect 
can be seen by an inspection of equations (67) 
and (64) which shows an Hr,, component of 
the Held, whether a horizontal electric dipole or 
a horiüontal loop antenna is used in transmis- 
sion. The Ht, component induces voltage in the 
loop antennas because of the finite "parallax" 
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«nglt aubtenii«« by Lhe dlmtaaR flndw at the 
trnnamitter. This majmeüc ücid compon^it !>■ 
not parallel to tha pl»ne of the Ä,., icoi anteni du 
bwaufi^ tho 'oop "viUmnk» lie on f;ithji s:d* '^ 
Ihn line connectinK the uenter of thp di' crtirn 
finder and tho center of t!if ,ian«niUei. Fur- 
thcrtnore, the pickup in each loor- McfUUls i» of 
appoaile phase ao that the inducerl voltagea add 
up. 

»' EXPERIIMENTAI, TECKNIQOE 

One of the principal rw&o uf this wc k 
was the development of a method for meao''.- 
ing polarization errors and of expciMenti"! 
techniifues tc use the method. Rapmontatlv« 
direction finders weie examined by thei'e tech- 
niques, it being necesaary to flrd neens of 
overcoming experimental difficulties whea the 
jnetliod waa applied to par'.cuiRr ,i-f syaWnLd. 

The d-f Hysleir.s exanined wert: <I) iin ex- 
perimental rotatabie, balanced H antenna built 
and inscal' d at Laurel, Md.—a direction Under 
usingr uushielded. horiaont.il feeders but otner- 
wise practically the same as a Navy DY also 
installed at Laurel; (2) SCR-Ö51-T1 in^.tallfJ 
at Fort Monmouth, N, 1.; (3) a Western Elec- 
tric [WE] direction finder developed for the 
Civil Aeronautics Administration [CAA] and 
located at LaC.uardia Airport, New York City 
—a ten-frequency, flxrd, tuned, JMCOCJT ar- 
runKemenl mine balanced K cntennas: ;4) 
an elevated, rotatablt, spaced ioop-st'tenna Bys- 
tem procured from United Air Lines and it- 
stalled at Laurel, Md.—the system examined 
with the antennas in both a vertical and a 
horizontal position; (6) a Collins CXAL di- 
rection finder measured at Cedar Rapids. Iowa. 

The general procedure will be given here, 
special procedures being described in the sec- 
tion to which they apply." In all cases except 
the Collins meaHuremenls, a local transmitter 
employing an electric dipolc was used to gen- 
oralc the desired fields. Waves at homontal in- 
cidence were used; first a wave polarized par- 
allel lo the plane of ineidenoe. thun one polar- 
ized perpendicular to the plane of incidence. 
The error introduced by using a horizontal elec- 
tric dipole rather than a horizontal loop an- 
tenna was not fully appreciated nt the time the 
measurements were made. However, it seems 

thai, the concluaionn d~iwn from the mea-ure- 
m'ntfl w :jld not be mnte. ia'ly altered air.te the 
polarization erroi« found were quite large ex- 
cept ior the I- !>-antenna direction finders. The 
meanurcmenta of the Coliins inrtallat'on were 
carried out by means oi a hori/ont.l !ooit- 
".ntenna radi-'.tor. Also ndiator iteTaÜM was 
a-rgliljibic in tSe case of the menRuretnenta of 
Ltis spaced horizontal loop-nm. ;nna system. 

Thu results el s^nv- prelimitiary calculation» 
on rartiatir narai; x uslnu the exact t.iuation« 
alr",.ds_ give., iitdicate agreement with the few 
?■:perimental oijservations ao far available. The 
srrors cau^ad by radiator parallux can be con- 
aiderflblc fo:- both high and lew el.-vatiuns of 
the transmitter. The error dcereJ'es with in- 
cre..,inr ftequency 

Tht adjusdient of the horizontal dipoie ussd 
for trr ismirsion V.-HS very critical. Any slight 
tilt from the uorlzontal gave rise to a vertical 
'.dd component wbith assumed targe rdatl.e 
p; (.portion». The rapid attenuation of ih;: bori- 
zoiital compi ntnt was responsible fur this. It 
was fuund tl it tSg preaence -if personnel rear 
the iran-nitter :;lao causwl the genera'.ion of 
undue amount» of unwanted vertical fieJd com- 
p.-; ent. Those difficuHJes were solved by ar- 
ran.^ng to control the tilt of the dipole by 
mw.H of cords. For the case of the halanad 
H ,-jntfnna, the antennn was oriented for maxi- 
mum respor.st; to ff, and the iransmitlingdipole 
rovatud iiiitii mii.imnm output was indicated. 
The transmitting uipole was then exactly hori- 
zontal : tba purity of field at the direction finder 
was thus determine by the direction finder 
iiself in tl* equatorial plane of the transmit- 
ting dipole. 

The output of the antenna wystem'wss meas- 
ured by Hiibstltutirg a standard voltage gen- 
erator for the antenna and determining the 
voltage required to give the same output as 
obtained with the antenna. 

The measurement of field intensity was sub- 
ject to inaccuracies resulting from the presence 
of the direction finder. However, when the an- 
tenna elements were disconnected, the effect on 
the field intensity was reduced to a negligible 
value In most cases as shown by the effect of 
rotating the direction finder. Before discon- 
necting the antenna elements, the aparert field 
intensity varied greatly as the direction finder 
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was rotated, but thi« variatiim Iwcomi' -UKIIKI- 

hle after rtiacunnectintc the antennas. For the 
I'olalable H antennas it was found that din- 
connectinK the dipolen was nut necenoary if the 
Held was meaaured whon the direction Under 
was properly oriented. For nieaiuritiK k',. this 
orientation corresponded to minimum re»pnime 
to fc',. By oricnlinir the dirfctiun flndw 10 an 
not to respond to Bm it could I'.IK pick rp nnd 
reradiate fields which would dliturb tho mean- 
urement of the fleM intensity. Such a proce- 
dure could not bu uaed in the iM»e of the «paced 
vertical and horizontal loop-antenna «vsl>-im. 
Vnr these cases the field was measured iome 
distance to the side of the direction Ander but 
the same distance from the transmitter. The 
assumption was then made that the attenuation 
of the wave was the same for this path as for 
the path to the direction Under. 

When using a Held-Intensity meter employ. 
ing a loop antenna, the electric field calibration 
made with pinne waves does not hold when 
measurements ere made in other than plane- 
wave fields, altbongh a magnetic field calibrstion 
would. The field generated by the local trans- 
mitter is not the same as for a plane wave, the 
irround-refleeted and surface waves being prea- 
ent as well as the direct wave. Under these 
conditions, to measure Er: and E. with the 
loop-antenna field-in tensity meter/ the loop an- 
tenna of the field-in tensity meter is oriented so 
as to respond to either H. or H,.. The reading 
of the field-intensity meter, which will be in 
voltE ]xr meter, then refers to the related value 
of h't,! or E. which would be present if the 
field measured were that of a plane wave in 
free space. This ia what is meant, in this re- 
port, when // is measured by means of a loop- 
antenna field-intensity meter and designated as 
rottg per meter: it is just the related value of 
E for a plane wave in free space. The reading 
of the field-intensity meter, though in volts per 
meter, will be a numiier proportional to W, The 
rKlation between E «nd H is given by the fol- 
lowing equations: 

„ fM-^ 

Here £.'„, and W„, are the valuci of the eleclric 
and magnetic radiation fields at a unit distance 
in free space in the equatoiial plane of the 
electric dipole, while E,.. and //„., are the corre- 
sponding values fur a magnetic dirwle. 

Equation <67) is important because it shows 
that the loop antenna o' the field-Intensity 
meter should be oriented to respond to U,,a 

when measuring E., rather than for manimum 
readintf of the meter as is done for plane waves 
in frefi space. The maximum reading corre- 
sponds to the amplitude of H, which is often 
much larger than Hp:, so that too large a value 
for I-... would be obtaii.ed. Since cos c Is al- 
most unity tor these measurements it follows 
that E,,: equals the reading of (he meter when 
oriented to H,. and E. equals the reading when 
oriented to respond to Hr,,. In most cases ii 
this work the measuretnenls of E. were made 
by orienting the meter for the amplitude of II, 
rather than He.:, since the correct procedure 
was not evolved until after most of the experi- 
ments were performed. This renders the meas- 
ured values of f.'. inacciirste for frequencies 
below about 7.5 mc where the wave tilt is ap- 
preciable. As already staled, the direction of 
this effect is such as to make the measured 
values of E, larger than they actually are. 
Consequently the measured pickup fsctors k, 
r.o r res ponding to E* were too small and the 
calculated polurization emirs also too smalt. 
This error was not made in the case of the 
United Air Lines [tiAL] direction tinder when 
used eithe, with horizontal m Vfrtical loop 
antennas. 

After measuring the pickup factors of a di- 
rection finder the polarization error» were cal- 
culated using the method already given. In 
these calculations the response of the antenna 
system to A',,, involves an unknown phase 
angle .1, An inspection of equation (27) for 
the balanced H-antsnna system shows that the 
limits on the values of the maximum polariza- 
tion error set by the unknown value of i are 
given by 

tun < 
/■/-.■„ 

These limits can thi. fore be caiculnled. How- 
ever, since E,,r varies as sir. ^. this unknown 
term will be small for low angles of elevation 
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and also for low vcluel of k. For a direction direction findtr. (4) Correction tactora were 
linder having low polarization irror, k is amal! computed and applied to allow measurement of 
so that the following approximate equation is electric field intennity by means of a fleld-in- 
valld: tensity meter using a lot p antenna.   (6)   To 

kE, ,ßq.     reduce errors caused by radiator parallax, a 
*"" ' " Afi.,coH^' horiiontal   loop-antenna   tadiator was   found 

necessary when generatinic the perpendicularly 
polarized wave field required in this work, 
while a vertical electric antenna was necessary 

This is the equation used in practice for the 
calculation of polarization errors 
port,   except   for   the   loop-antenna d'"*""''    for generating the wave polarized parallel to 
finders. If t is so large that equation (60) 
not a good approximation, the exact value of 
the polarization «ror is not needed because it 
will be very large. The equation can be used to 
indicate the superior or inferior performance 
of a direction finder. 

In the results that follow, polarization errors 
are calculated for average ground condition», 
that is, a conductivity ir - 6 X 10-" emu and 
dielectric constant K — 15. 

■ *' Teil Conclusions 
This experimental technique evolved aa the    work of this report, when measunments are 

research progresaed and included special means    made at angles of elevation below 20" to W 

the plane of incidence. (6) Methods were de- 
veloped for reducing the experimental errors 
caused by collector parall.tx for the iMae of 
particular direction finden. 

The experimental technique finally evolved 
has important application to other methods of 
measuring polarization error. The errors 
caused by radiator and collector parallax will 
be present in the RCA and Barfleld methoda 
unless techniques similar to those used in this 
work are applied Fui-thermore these methods 
encounter  another difiVulty, clarified  by the 

to overcome experimental difficulties encoun- 
tered in the application of the method to meaa- 
urement on particular direction-finder systems. 
(1) The stringent conditions for pure fields 
were relaxed for the case of Adcock direction 
finders by orienting the antenna system to the 
proper null position. (2) Remote control was 
used to control the radiator when generating 
perpendicularly polarized fields, while the di- 
rection Under itself waa used as an indicator 
to ' *il when the radiator was exactly horizon- 
tal. (!t) The influence of the direction finder 
on thr measured field intensity was removed 
i many cases by properly orienting the direc- 

Thia is the error caused by the surface wave 
component of the field from the local trans- 
mitter and is not present in the NBS method, 

Since the experimental technique evolved 
gradually, the measurements of polarization er- 
rors of the various direction finders were not 
all carried out with the same accuracy. In some 
cases K. was incorrectly measured, giving 
measured polarization errors which were too 
small. This effect was unimportant above 7.5 
mc. In other tasea, radiator parallax was not 
avoided. Bearing in mind these limitations as 
to accuracy, Table 2 of approximate polariza- 

ipiled from these sections r 
tion  finder.  In other cases measurements of    still be used to draw certain important con- 
lield intensity were made off to one aide of the    elusions. 

TiBl.E S.    Approitlmste pol»riiition error». 
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In Table 2 the values are ffjven of two par- 
ticularly sijcniftcant 'wave erroij" w^itli ma;- 

be derived to repreaeut the performance t. E 

given direction finder: (I) the vaiLe "f maxi- 
mum bearing error for a downciinitig wave 
incident at 45° with equal parallel m< perrwn- 
dieular components, «.„ which is Use "lUndfiH 
wave error" as deiin&l by Barftdd an i (2) 
the value of maximum bearing error for a Sioi i- 
zontally traveling wave also with equal porallei 
and perpendicular components, <„. The 9t<->r 
,,:. includes the effect of the height of theili'er- 
tion finder antenna above ground nnd ji the 
electrical properties of the ground "'hv-reaa 
<,, in independent of these effects. 

Table 2 fcives the horizontal wvi »tüT, 
.„, and the standard wave error, i„, In d-i- 
grees. The value of ■„ is independent ot th? 
ground conatants as already stated, while thti 
of (0 is for r.verage ground huving constants 
K « 15 and e ^ 6 X 10" emu. The height c«f 
the vnrious direction finders for which the 
values of <,: are given is the hotirhf for which 
the direction finders were det'jfn''.! ,xcept in 
the case of the UAL antenna ityatem. The 
height was taken an 10 feet for the vertival 
loop-antenna system as a practical value ap- 
proaching optimum results. Two n...'crent 
heights were taken for the horizop+al loop- 
antenna system; 50 feet over the band from 
2.S to 7,B mc and 80 feet above 7 r. mc. In this 
way the whole frequency range was divided 
Into two bands with npiiroximati'ly optimum 
anlemm heights for each band. The values of 
(„ for the experimental H antenna, the 
SCR-BC1 and the WE-CAA direction finder» 
would have beer, lower for lower antenna 
heights. The complete data for each nystem are 
summed up in the graphs given in the particu- 
lar section ior that direction finder in the final 
report.'"'" 

The data given in Table 2 are shown in graph- 
ical form in Figures 12 and IS in which <„ and 
(„ are respectively plotted as a function of fre- 
quency for each of the direction finder». 

Innpection of Table 2 and Figures 12 and 13 
ahows that the polarization errors are In gen- 
eral much larger for those direction finders 
using open antenna elements than for those 
using loop antennas. This indicates that the 
loop antennae are inherently easier to balance 
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and to shield properly ss M to «uppresx un- 
wanted pickup. The luw impedance of the loop 
antenr.a» is hclptiil on this score. This conclu- 
alon at to the relative superiority of the spaced 
loop-antenna rtirüction finders is one of the 
prindpat reHuIta of this work. 

Ti'.ble 2 and Klcurcs 12 and 13 also indicate 
thfli. the direction Ander hsvinfr the least polar- 
ization errors of all those tested was the one 
usina: horizontal loop antenna». This superior 
performance was obtained without any critical 
adjustment» of the antenna system. Measure- 
ment» on thia antenna gyatern were free from 
radiator iwralLix errors and from errors of 
measurement of field intensitv. Coupled with the 
low polarization error of this system is its low 
aoweptibiiity to ßite crrorn. These two proper- 
ties toirather would indicate a very promising 
syiit^n. .'or those applications where sky waves 
only are being received and where the antenna 
"lay be placed upprosimately one-fourth v.ave- 
lens-th above the grourd. 

Methods similar to those given in this report 
re used by RCA ar ' International Telephone 

kni Radio [IT It R] Laboratories to make polar- 
ization error measuremeita on the Bel! Tele- 
phone Laboratories [ÜfL] buried U-antenna 
system at Molmdel, on the elevated, shielded 
U-i.iVettna system of RCA, and on various 
IT & R systems at üreat River, Long Island. It 
was found that Mm BTL buried U antenna had 
a performance similar to the loop-antenna sys- 
tems described herein; the RCA antenna sya- 
lem had errors about the same as those of the 
electric antenna systems of this report, while 
IT & R ««ported an increase in accuracy for 
electric antenna systems achieved by using 
cathode followers to couple the antenna ele- 
ments to the tranamisaion line. 

Critical consldoratlon of the NUS method of 
measuring polarizatiun errois as applied to the 
several direction Anders shows that the method 
has several advantages. First may be men- 
tioned the convenience and speed with which 
measurements are made since, in general, all 
measurements are made with the equipment 
near the ground and because waves polarized 
parallel and perrtendicular respectively to th- 
plane of incidence are used separately. This 
avoids the need for adjusting the phase of these 
two components as is  necessary  when both 

wave? #IT ufiod Himultaneously, The fact that 
these : s are wl ^parately also rpsults 
in another important ^vantage, namely, that 
inaiimu.m pclarization errors are measured. 

This reuult h one of the principal results of 
the present research. Originally, Barfield de- 
fined the "standard wave error" to be the bear- 
ing error for the "standard wave" with such 
[ihase nation Irefween the parallel and perpen- 
dicular wave components aa to result in maxi- 
mum error. However, the es peri mental tech- 
nique employed by Barfield for many years did 
not meet the conditions required for maximum 
error; is a result the polarization errors meas- 
ured were much too low. The publication of 
polarization errors measured by this method 
led to the general belief that polarization er- 
rors were quite small. Measurements by the 
NBS method and subsequently by that of RCA 
indicated much larger polarization errors for 
existing direction finders than had generally 
been believed to be the case. 

In the Barfield technique maximum errors 
were not, in general, measured because the 
phase relation of the two components in the 
wave from the t rget transiiiltter was not ad- 
justed for maximum error. Some months after 
first publication of the NBS method, an account 
appeared of recent attempts to modify the Bar- 
field method so as to control the phase of the 
two components'1 but these had not yet been 
applied practically because of experimental dif- 
ficulties. However, further measurements'* of 
an H-antenna system," in which allowance was 
made for the proper phase relation to give 
maximum error, showetf errors two to ten 
times larger than those values given previously 
on the basis of measurements by the Barfield 
method. This result as to the extraordinarily 
large polarization errors of many present types 
of direction finders now agrees with that of the 
NBS anü the RCA groups. 

The large polarization errors found as B re- 
sult of this work have refocused attention on 
the reduction of polarization errors. The NBS 
method has an important application to this 
problem of the reduction of polarization errors 
since it furnishes a figure of merit by which 
the progress of development work may be 
judged. After each change in design the pickup 
ratio of the antenna system may be measured 
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in order to dettTmine the effect of the: chanue 
on ihe polarisation error. The U^chnique is 
rapid and accurate. 

The figure of merit proposed by the NBS and 
measured by the methods given in this report 
is the pickup ratio, k/k, at the direction finder, 
A practically equivalent fifrure of merit is the 
horiiontat wave error, .„. as previously defined. 
The equation tan a, -- k A is the usual one 
given and is a means of translating the pick- 
up ratio into an actual bearing error for an 
incident wave. The pickup ratio allows a direct 
comparison of polariiation prror for all direc- 
tion finders following the same equation for 
polarization enor and working on the same 
field components. The complete curve of polari- 
zation error versiwi angle of elevation of the 
incident wave should be used to compare the 
accuracy of antenna systems fotlnwlng' differ- 
ent laws for polariuition error. The pickup 
ratio is especially valuable for comparing the 
accuracy of direction finders because it is a 
fundamental d-f constant which is independent 
of the ground constants and the height of the 
antenna above the ground. In the case of buried 
U-antenna systems this constant is indepen- 
dent of the depth of the feeders below the 
ground even though the accuracy may be 
greater when the depth is increased, just as the 
accuracy of those systems above the ground, 
which are designed to suppress response to E,, 
is increased by lowering the height of the an- 
tenna. Once the pickup ratio is measured, the 
polarisation errors for any downcoming wave, 
such as the "standard wa ," may be calcu- 
lated for any antenna height or ground con- 
stants. This enables a study to be made of the 
optimum antenna height and ground constants 
for lowest polarization errors. 

On the basis of such studies it was shown 
that the polarization error of a direction finder 
designed to utiliie the E\ component of the in- 
cident wave and to suppress response to En 

components should be located over ground hav- 
ing the highest possible index of refraction. 
The choice of such a lite retjuires methods of 
measuring the ground constants of proposed 
sites. A method was developed for this meas- 
urement which asm a fie Id-intensity meter hav- 
ing a loop antenna. This method is easy to use 
and uncritical in its application. By measuring 

the ground constants at various points of the 
»ite. as indicated below, a test can he made of 
the subsurface homogeneity of the site and 
therefore its suitahility from the standpoint of 
local site errors. Such methods and tests are 
beeoning of greater Importmn because of the 
improviHl accuracy of newer types of direction 
llnders. It is possible that polariration errors 
may eventually be reduced to the point where 
tile hciiring erron caused by tho site may be of 
relatively greater importance. In this respect 
it may be important to use direction finders 
having inherently lower susceptibility to site 
errors caused by local rcradialinn. This re- 
search has shown that the spaced, horizontal 
inop-anlenna direction finder should be '■ela- 
tivety insensitive to reradiation errors because 
of the rapid attenuation by the ground of the 
horiKiintaliy polarized fields reradi.iled by sur- 
rounding objects. 

"   niRECTlON.FINDKH .SITE PHOBI.F.MS 

The problems connected with d'f sites are 
numerous and complex. They may be classified, 
broadly, into two groups. The first group con- 
cerns the bearing errors caused !iy the si'e it- 
self, that is, errors caused by deviation of the 
wave front or by reradialion. The second group 
concerns the effect of the site on (1) the direc- 
tion finder or (2) the principal fteid at the di- 
rection finder. By (1) is meant the effect of 
the site in unbalancing the d-f antenna sysiem, 
while by (2) is meant the effect of the site in 
suppressing undesired field components iiecauie 
of the interference between the direct and 
ground reflected waves. Furthermore, site er- 
rors can be classified us local or remcie depend- 
ing upon the distance of the source of the site 
error from the direction finder. Corresponding 
to this division into groups, the following dis- 
cussion will take up the problems connected 
with the choice of a direction finder having the 
lowest susceptibility to site errors caused by 
reradiation, and those connected with the 
choice and testing of a suitable site. These site 
problems have recently assumed greater impor- 
tance as a result of the improved accuracy of 
newer types of direction finders. It is possible 
that, excluding errors caused by lateral devia- 
tion, d-f accuracy will no longer he limited by 
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type, is lielieved to be reiatively free from local 

*■*■' Site Error» 

Bearing errors caused by imperfection« of 
the site have iM-en elassified as local or remote. 
although there is no sharp dividing Une be- 
tween these two groups. Remote site errors are 
usually caused by the character of the terrain. 
t«rge obstacles in the path of the wave, such 
as mountains, give rise to diffraction which 
results in a deviation of the wave front. Locai 
site errors are caused by reradlation or reflec- 
tion from nearby trees, wires, cliffs, etc. The 
random summation at the direction finder of all 
U.e reradiated waves gives n field which results 
in bearing errors. This distorting field can 
change rapidly with small changes of azimuth 
or frequency of the incoming wave." 

type, is believed to be relatively free from local 

This direction finder is designed to take a 
bearing on the H, component of the incident 
field while ideally it should have no response 
to ffp In general, reradiated K, field compo- 
nents will be so severely attenuated by absorp- 
tion in the ground that the reradiated K, field 
intensity at the site will usually be very small. 
This Is true even if the spaced horiiontat loop- 
antenna direction finder is used at its optimum 
height \/4 above ground. Figures 4 and 6 show 
that E. will in genera! be equal to or greater 
than the perpendicular component in Ihi; inci- 
dent wave. E,,* At this height, therefore, the 
effect of ground reflection on E. will not be one 
of suppression. However, the field intensity at 
smaller heights will be decreased by the ground 
reflection so that rerarii«ting objects at the.ie 
smaller heights will have their effectiveness as 

^ 
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Local site errors can be reduced by choosing 
•> eletr. flat homogeneous tract. However, it is 
also claar that certain types of direction finder« 
will hi! less susceptible to ?3cal site errors than 
others. The spaced, horiiontal loop-antenna di- 
rection finder, either of the fixed or rotatable 

sources of site error reduced. Furthermore, for 
reradiating sources at a distance of approxi- 
mately 300 feet, the E, component of the 
field will be attenuated two to ten times as 
much es reradiated K„ components. Therefore 
in comparing the horizontal loon-antenna di- 
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reetion finder with hose types dtiiirned to re- 
spond to the Ef com^nent. it is clesr that for 
equal field intensitifia in a downcoming wave, 
the total desired field will be approximately 
the same fur the two types (used at optimum 
heights), while reradiated field intensities ca- 
pable of ca-jsing bearing errors will be much 
less for the horizontal loop-antenna system. 
This comparison is made on the basis of equal 
amounts of energy reradiated from the dis- 
turbing source for the two canes. 

•"    Required Depth for Buried Cable» 

It is very convenient in many direction find- 
ers to be able to run cables, power lines, or tele- 
phone lines near the d-f antenna system. To 
avoid site errors caused by reradiation from 
such lines it is necessary to burv them an ade- 
quate distance below the surface of the ground. 
Figure 14 shows the absorption of plane radio 
waves in earth for various ground eOBstWtl 
and for frequencies up to 1,000 mc. The dis- 
tance in feet required for an attenuation of ten 
to one is ahown on this diagram. It is inlerestinjt 
to note thai the ultra-high frequencies are ab- 
sorbed only slightly more than frequencies in 
the standard broadcast band in passing 
through media of average conductivity. 

The field intensity at a depth A below the 
ground for a plane wave incident on the sur- 
face will be determined not only by the adsorp- 
tion of the wave but by the reflection at the 
surface. Previously, equationa were given for 
the total field intensity at a height z above the 
surface. The field intensity at a depth a directly 
below the field point considered previously will 

be given by* 

1142) 

(1 + N,,) v'n' -co«'* « O-*'1) ("l"*i """TI^; 

£,,, = K.> (l + fl.)e(*-/i){.-« 

'EqoMioni  (TO)  to  (141)   trcl. 

Here the subscript ( indicates the transmi'ted 
wave. The tarm 2,«(sin *).* in the above 
equations relates the phase of the transmitted 
wave to that at the incident wave at the height 
i above the ground. The attenuation factors in 
gqwttMM (142) to (IM) may be determmed 
from Figure 14 by identifying d with A und K 
with K eos' ^. This follows from the fact 
lhat the attenuation factor of a plane wave is 

given by r4* where 

**   .B + i 

i    i   K x 

.V 

i uru 

(147) 

The absorption coefflcient A may be determined 
for the case where d is expressed in feet simply 
by dividing the consUnt 2.303 by the distance 
in feet as given in Figure 14. 

TABLE 3.  Rfcnmimnded  depth which  i 
liali.tn 

t   am   retsmod   htn. 

t fin«l re- 
,  oriirin«! 

"   A METHOD OF MEASIRENU GROUND 
CONSTANTS 

In choosing a site, It la dcairable to have 
available quick and sensitive methods for test- 
ing its suitabjity without actually setting up 
the equipment and making bearing tests. For 
this purpose, visual observation of the flatness 
and freedom from reradiating objects of trie 
proposed site is not sufficient, because tne site 
must also be electrically homogeneous below 
the surface and must also have electrical con- 
stants falling within  certain HmiU. for best 
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rcsuitB. A downcominit ionospheric wave may 
penetrate a cansiderable disUnce into the 
fn-uund -so that inhomogeneities located below 
the fturface may reflect the wave« stronaly 
enough to cause bearing errors. To reduce this 
effect a site should l>e chosen over nrround hav- 
ing a« large an index ttl rerraetion as possible, 
such as a sail marsh. However, high conduc- 
tivity and dielectric constant are also desirable 
from another standpoint. The site has a strong 
effect on the principal fleld at the direction 
finder becnuse the total field is the vector sum 
of the incident wave and the ground reflected 
wave. This vector sum is termed the principal 
field in order to exclude fields generated by re- 
radiating objects near the aite. If the direction 
finder is designed to take a bearing through its 
response to Et field components while its re- 
sponw to St, is suppressed, then it is desirable 
to locate the direction finder 
ground constants such as to suppress E 
much as possible, it has been shown in preced- 
ing sections that ground having a high index 
of refraction suppresnes E. at T>< inls near the 
surface. Such ground also helps to screen 
burid lines and cable so that reradiation errors 
are reduced. All these considerations indicate 
that a quiik method of testing a proposed site 
for subsurface electrical inhomogeneities and 
of measuring its electrical constants would be 
useful. NBS has considered a method of testing 
for inhomogeneities which uses a local oscil- 
lator and antenna near the ground. The varia- 
tion over the Eite of the impedance reflected 
into the oscillator circuit by the ground reflec- 
tion give* a test of the homogeneity of the site. 
Either the variations in the plate current of the 
oscillator or of the oscillator frequency could 
be used as an indication of homogeneity in 
these tests. 

An alternative melhod of testing a site is to 
measure the ground conductivity and dielectric 
constant at various points of the proposed site. 
This mcthuil would not only determine the 
ground constants but also give a measure of 
the subsurface homogeneity of the site. Previ- 
ous methods of measuring ground constants 
made use of electric antennas with their at- 
tendant difficulties. A new method of measur- 
ing ground constants by means of a standard 
field intensity set using a loop antenna, such as 

the RCA 30a-A, will now be described^ because 
of its application to the problem here consid- 

In the previous discussion expressions for 
the fields generated by electric and magnetic 
dipi-lea near the ground were given for both 
vertical and horizontal dipules. Equation (H) 
for the magnetic vector for the ewe of a ra- 
diating vertical magnetic dipole can be written 
as follows for the field intensity at the surface 
of the ground (z ~0); in this case r, « rt " ♦■ 

f and we obtain 

[{1 + R„) + (1 ~R,)fiP~ B-)«"]- 

(cos *k + V"'"- "CM>I) '- -   (148) 

0 und J > A. 
Equation (148) shows that at the surface 

site having of the ground both the apace and surface wave 
components have the same polarisation. The 
particular polarization of the magnetic vector 
and its forward tilt will depend on the ground 
constants and, if determined, give a means of 
measuring the ground constants. This is also 
true of the polarization and forward tilt of the 
electric vector E, in the field of a radiating 
vertical ekctrie dipole, However, in this caae 
measurements of the electric vector would have 
to be made using electric dipole receiving an- 
Lennas. Such measurements are difficult to 
make accurately because of disturbances to the 
electric field by the field-intensity meter and 
operating personnel. Therefore the new method 
based on measurements of H, gives a prefer- 
nble method of determining the ground con- 

Equation (148) may be written a» follows: 

H, - H,w(d L   ^ :i4fl) 

and K is the dielectric constant of the ground 
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• lO'V-n/Zmc, then equation while X = 1.797 
(149) becomes 

K, = ff,,, [dCMJ + kacos (J + /I)]. (153) 

The above equation Hhows that the vector mag- 
netic field from a vertical maimetic dipole ro- 
ute» in an ellipse in the plane ol mddence with 
its major axis tilted a few degrees above the 
horizontal.   The  magnetic  vector  reaches   its 

5.1 

j u function of X' Figure 15 shows ( and r e 
for K=5. 10, 20. and 80. 

The procedure for JeUji-niining the ground 
constants from the above results is as follows, 
A small transmitter is used with a loop antenna 
which is set up with its axis in the plane of 
incidence at a dUtancc greater than A from the 
point at which the ground curstanta are to tie 
determined and at a height suih that an easily 
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The measurable properties of the ellipses are «. 
the tilt of the major axis above the horizontal. 
and r, the ratio of the minor to the major axis. 

con,»-( sin ,a tan !), 

tan a cot S, 

«( = -J  and   its    measurable field intensity is obtained at the 
„( = ~t -i- {r/2) receiving point. Figure 15 also shows a dia- 

gram of the experimental setup. Using a field- 
intensity meter with a loop antenna set up in 

'   -\\ (!M)    sucl1 * n,anner that ^ ""' ^ """tatttd about an 
axis perpendicular to the plane of incidence 
but with the loop axis always lying In the plane 

öiT ■ '1551    of incidence, measurements are made of fl and 
r. The loop antenna of the field-intensity meter 
is to be placed as near the ground as possible 
because this procedure is based on equations 
derived for the case i :r- 0. Havintr mpaaured fl 
and r, a corresponding set of vaiies of K' and 
A" may be determined from the curves given in 
Figure 15. Finally K and '■ are determined by 

(15fi) 

(157) 
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K o K' CM' * (158) 
,. «JC COB" i ■ /,„„ ■ B.664 X 10" emu. (169) 

At very high frequenckM, X' will be Hmall and 
we may write 

*-Kinmri'       <181> 
where Jt' c i (K' -1). 

Equations (160) and (161) show that the 
dielectric constant K may be determined at Vt-ry 
high frequencies »imply by meaauring » while 
a determination of a requires a measurement 
of both 0 and r. This is also evident from Fig- 
ur? IB. At very low frequencies whera X' is 
large. Figure 15 »hows that the curvew of e and 
r are independent of the dielectric constant but 

X'' 

where X- << (K' -1), Equation (162) alao 
shows that the dielectric constant can nut be 
measured at very low frequencies. However, this 
in no defect of the method nincu the ilickctrit 
constant ha» no appreciable effect on wave prop- 
agation at these low frequencies. As shown in 
Figure 15 the measurement of the ratio r of the 
minor to major axis of the polarization ellipse 
can be accurately made by means of a loop 
antenna and tie Id-in tensity meter provided only 
that the loop antenna is free from "antenna 
effect." This may be stated quantitatively a« 
follows: the ratio of minimum to maximum 
reading in a linearly polarized magnetic field, 
such as is generated by a vertical electric an- 
tenna, must be much less than r. 
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Chapter 3 

STUDY OF RADIO PULSE PROPAGATION 

PulKa were Iniumitttd from Puerto Rim mnd re- 
nivari Mt Holrndfl, N. J.. on * highly directional Huu 
■jsiem. Heaiurcmenti Indicated that direction finding 
on the first palm of a pulae Ki'oup ^ave ilgnillcantly 
more arciirate r^iuila than ordlnurr dlrectioTi-findinjc 
mtthiu'n, ■ fact of conaiderabln valu.' in long-ranfe 
loran ajritema. Practically all the ccntractor't final 
report' is runUined in Ulli aummnry. 

11 DBJRCTIVE 

THIS PROJBCT ■ had as ita objective the conflr- 
mation of certain ideai> concerninB the pos- 

sibilities of Innff-dii(ance short-wave direction 
finding and in particular the idea that there 
were timeg when measurements made on the 
tint pulse of a pulse group would give a more 
accurate determination of the bearinfe of a sta- 
tion than would be obtaltied by ordinary df 
means. 

Another object of the project was to obtain 
evidence as to what percentage of the time 
iluring which energy arrived mat paths devi- 
ated from the great circle, energy also arrived 
over great-circle pathn in «uttieient amounts to 
operate a d f system. For the period covered 
by the observations this condition existed for 
80 per cent of the time. 

When energy is received over two or more 
paths, errors can be pririuce^ w certain typ^s 
of ahort-wave direction "-■'■.: even if the 
paths are all confined to the plane of the great 
circle passing throuurh the transmitter and li-f 
locations,' These "trrors result from the fact 
that interference cf the different components 
with one another produces instantaneous fields 
at each element of the antenna system, the 
phases and am^litudea of which are not deter- 
mined solely by the wav ? direction and the 
geometry of the ivntenna system. 

■Project   CM,   Contract   No.   0EUKI-:I1D.  Weatern 

Furthermore, if one or more of the pathn is 
deviated from the great circle, then practically 
all direction finders will give erroneous bear- 
ings. The extent of the errors anu the per- 
centage of time that they exist will depend 
upon the relative intensities of Ihu components 
arriving over the various paths. Appreciable 
errors can be obtained even when the great- 
circle energi is greater than that arriving over 
the deviated paths. 

Studies of short-wave radio transmlwion 
across th? North Atlantic have disclosed two 
types of transmission phenomena which would 
produce such errors. During severe magnetic 
storms large amounts of energy have been ob- 
served arriving from the transmitter over 
paths which were widely deviated from the 
great-circle plane between the transmitter and 
receiver. At such times it has occasionally been 
observed that small amounts of energy arrive 
over a great circle path. At other timen, during 
more or less normal transmission periods and 
on relatively low freguencles when energy ar- 
rives over several different paths, it has been 
observed that energy which has suffered acv- 
pral ri'flections at the ionosphere may be devi- 
ated appreciably from the great circle, whereas 
that which has suffered only a very few reflec- 
tions will be deviated only very slightly if at 
all. Where d-f methods provide no opportunity 
of separately identifying the great circle and 
deviated path components, errors might there- 
fore be anticipated during unristurbed as well 
as disturbed tra tsmission periods. 

By the use of short-pulse transtn iss ions it is 
generally possible to separate the '-omponents 
Iransmitted over ditfereot paths on a time 
basis <\nd iccordingly to measure the direction 
of each path. When the different paths are al! 
confined to the great-circle plane, direction 
finding on any of the pulses should therefore 
result in an improvement since those errors are 
eliminated which are caused by the interfer- 
ence of the various components with one an- 
other. However, if nil of the paths are not con- 
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flned to the great circle, and if the pulse upon 
which the meMuren^nt:. are made is chosen 
at random or because it io the strontreat, error« 
in bearing would still be obtained. On the other 
hand, i( the fimt pulse of a group la choaen it 
»hmid «Mierally give the moat accurate bear- 
IngK since It will hav« traveled over the imwt 
direct path. The work covered by Pro'^xrl C-35 
was undertaken to verify this conclusiDn. 

»■' EXf-KRIMENTAL PROCEDURE 

Pulsea were transmitted from the University 
of Puerto Rico with equipment made available 
and maintained in operation through the effort« 
of G. W. Kenrick. A small rhombic antenna 
directed towards New York City was used. The 
bearing of the transmitter from Holmdel is 
160° measured elcckwiae from true north and 
1.581 miles distant. The transmitted pulses 
were 100 microsecond.i long and had a peak 
power of about 1 lew. The ricurrence rate waa 
60 per second except for some of the prelimi- 
nary experiments when rates of 20 and 30 per 
second were used. 

Measurement* on the direction of arrival of 
the individual putaes were made with the 
Holmdel Muaa receiving equipment in accord- 
ance with a procedure described in a previously 
published paper.1 As pointed out in that paper, 
two sets of antennas with different axes of 
orientation can be uami in connection with Ü:e 
Musa equipment to determine the actunl direc- 
tion of arrival of the waves in space. For these 
experiments t-nly two antennas of each set 
were used instead of the usual six and the 
phase ahifters were adjusted for cancellation 
instead of addition. This permitted the use of 
two widely spaced antennas of each set thereby 
giving greater accuracy in the bearings. Check 
measuremetitB were made occasionally with 
closer antenna spacings (adjacent antennas) 
in order to avoid ambiguous results. The band 
width of the recelviivg equipment was sufficient 
to pass the pulses as transmitted without ap- 
preciable alteration in their shape. 

Pulses were transmitted on three different 
frequenciea; 17.310. 7.175, and 6.425 kc. Dur- 
ing the first month pulse» were transmitted on 
17,310 kc during the daytime and on 6,435 kc 
during the evening and nighttime hours. Ob- 
servation» were made during two hours in the 

morning and two hours in the evening for three 
days a week. During the last two months the 
schedule was changed. Pulses were transmitted 
continuously on 17,310 kc for the first half of 
each week and on the lower frequency during 
the second half of each week, thus permitting 
observations to be made or. either frequency 
during any desired hour of the day or night. 
During these last two months special attention 
was paid to the transmission conditions exist- 
ing during the sunset period since It had been 
observed that rather wKle deviations in . 
direction of arrival occurred at that time. 

The 7,176-kc frequency was substituted for 
6,425 kc during the last few weeks of the teats 
because the interference on the latter fre- 
quenry became so »-»vere that reliable measure- 
ments could not be obtained. 

■■• RESULTS 

Measurements were made between January 
J2, and March 23. 1942, inclusive, on a total 
o.' 186 pulse groups on 17,310 kc and "n 87 
pulse groups on 6,425 and 7,176 kc. the data 
taken on these last two frequencies being 
grouped together. Some of the pulse groups 
consisted of only one or two distinct pulses 
while others consisted of live or six or more 
pulses, some of which overlapped to such an 
extent that the individual pulses were indis- 
tinEuiahsble. Of the 185 groups measured on 
17,310 kc oniy 5, or 2.7 per cent, contained 
pulses which arrived over paths deviated by 
more than 2" from the great-circle path to the 
transmitter and the maximum deviation was 
only 3C. Of the 87 groups measured on 6,425 
and 7.176 kc. 35 or 40 per cent contained pulses 
which arrived by paths deviated by more than 
2° from the great-circle path. The greatest 
devUtion measured was 12.5°. These results 
are shown graphically in Figures 1A and Iß 
where the deviations from the true bearing are 
plotted as abscissas and the number of pulse 
groups containing pulses with a given devia- 
tion are plotted as ordinates. Since the experi- 
mental error varied from i.B" to 2", depending 
upon the frequency used, observed deviations 
of 2° or less are not considered as significant 
and accordingly arc not shown on these graphs. 

Four of the five pulse groups on 17.310 kc 
and twenty-nine nf the thirty-five on 6,425 and 
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7.176 kc which were observed to conUin pulses    initial pu^ on frequencies «round 17 mc would 
which arrived over deviated paths also con-    result in unly a very slighl improvement in 
.ained pulses which arrived earlier and over    accuracy, but on the lower frequencies the im- 
path« deviated by not more than 2 .  In some    provement would at timeB be appreciable. 
of these cases the energy arriving over the        This lack of expected Improvement on the 
deviated paths was appreciable »o that bearing    hißh fi  queney results from the fact that tta 

transmission on theae fruquenciea is generally 
, confined very closely to the Rreat-circle plane. 

Thi»  ia in accord  with previous  experience 
;      l7,"0 ''c that, in |(Fml the higher frequencies are 

]       n    "' ""■** *"""*     better than the lower frequencies for d-f pur- 
PJ poses. This seems to be true, not only during 

0I ; .       0  ' j
t ;       normal undisturbed day«, but also during ni*g- 

S IASJ aitT netic storms, the reason probably being that 
h-f traturoisgion takes  place by lower angle 

Z liaths with fewer reflections at the ionosphere 
so that it is less adversely affected by varia- 

• turns in thai mdium. 
° I I*""."!™"''0 During the period over which these experi- 

ments were conducted there was only one short 
severe magnetic storm and no measurements 
were taken during the height of that storm. 
Observations made, during the following days 
and during other slightly tiisturbed periods in- 
dicated that for this particular pcth the only 
otfects were a decrease in field strengths and u 
very slight increase in the number and extent 
of the (UviationB observed on the lower fre- 
quencies. This lack of a pronounced magnetic 
storm effect is not inconsistent with prrvious 
observations, for it has been observed that 
radio paths which pass near the magnetic pole» 
are in general much more severely affected by 
magnetic disturbancea than those paths which 
are distant from the poles. If more conclusive 
evidence of the improvement to be expected 
during disturbed periods by initial pulse meas- 
urements is desired, it is believed that pulse 
transmisaioiiH over a path much nearer the 
magnetic pole than the one used for these ex- 
periments will have to be gtudied. 

In the light of past experience with continu- 
ous-wave tranamission over the North Atlantic 
path and present experience with the pulse 
transmissions from Puerto Rico, it is felt tha* 
it can safely be predicted that direction finding 

" DISCUSSION on the flr8t pul8e Wii] „(vc 8 significant im- 
Aside from the improvement to be gained    provement in accuracy for a large percentage 

by direction finding on pulses in general, it was    of the time during magn^tk   torms for trans- 
found that, under similar conditions as to path    mission paths near the magnetic pole», 
length and location, direction finding on the       Those engaged  i 
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measurements 
would have gi' 
bearings than 
the remaining i 
and  In the 

i the first pulse of the group 
n aiirniftcantly more accurate 
dinary d-f meaaurementa. In 
e of the five 17.310-kc groups 
aining six of the thirty-five 

lower frequency groups, no earlier true bear- 
ing pulses were observed within the time limit 
of thi.-ty minutes allowed for the measure- 
ments to be considered as including only a 
single pulse group. It is entirely possible that 
even in these few canes there were less deviated 
paths that would have become evident had 
high er-powered pulses been available. 

i short-wave d-f research 
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recosrniie that one of ihe most severe conditions ground-wuve range were cxtendtd considerably 
undfir which direction findura must operate oc- for such cases by intreasmg the peak power 
curs when the d-f location is just outside the of the transmitted signal, as can be done using 
ground-wave range of the transmitter and still the modem pulse technique, snd if bearing 
so close t« it that the ionospheric waves arrive measurements are taken on the first or ground- 
at very high angles of incidence. Under such wave pulse, considerable improvement in ac- 
eonditlona the sensitivity of most direction curacy would be expected. To t^st these conelu- 
finders to the desired polarization ia very low sions would require a high-powered pulse 
HO that any errors caused by spurious pickup transmitter located relatively close to the re- 
tire greatly accentuated. Furthermore any ceiver location. The experiments discussed 
slight irregularities in the ionosphere can cause above do not apply to this case at all since the 
the path of the waves to be deviated consid- distance was entirely too «rest for the ground 
erably   from  the   great-circle   plane.    If   the wave to be effective with the power used. 
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Chapter 4 

ULTRA-HICH-FREQUENCY DIRECTION-FINDING STUDY 

Study of thwrrtUal and 
baml directive «ntennn (01 
in IbO- to SM-inc reffon l«d 
Wnn«—■ catMr reflMtor ■rrtnBenwnt *nd ■ flst 
reflMtor, in emch c\t w'lh th* array before the rt- 
(lector. Proper phaains of array elementi before th« 
flat rrflector rctaled the riinwtivit;.- in ailmuth. De- 
»ign of a transformer for convertini: a balanced to an 
unbalanced «yiiteni, uae of new method» for evaluatfnft 
IKjlariiation errora and for meaaurintt electrical char- 
acteriitic» ot the groand. and itudlea of the impedance 
ch»racieriatici of cylindrical dipole« of larg« ttana- 
vene dimeneion», fommd a part of thii itndy, Th« 
ptojecl" it reportad rather fully here, 
mant of the contrartor'« final report1 lyinf in m« 
omiuion of certain photosrupli« uf the «luipmeni anu 
certain eharta that rearnxbled ckiaely thoie reprodaced 
herein. 

RESEARCH FACILITIES 

The site selected for Ihia study is located on 
flat farm land neai Medford, New Jersey, in 
an area known geolosically as the Middle Marie 
Beds. The land ia chiefly soil with small pro- 
portions of sand and clay and ia fcsowS to be 
homogeneous to a considerable depth. A 10x12- 
foot building was erected to liouae the equip- 
ment and a 90-foot pole and rigginK was in- 
stalled for making the polariiation error mew- 

■hratäh-ld^ urementt. So far aa possible the building was 
constructed of nonconducting materials. Wood 
and masonite were ased as the basic materials 
and, with the exception of removable metallic 
window screenr., metallic reflecting surfaces 
were kept to a minimum. The pole for support- 
ing the polariiation last transmitters was 

H TO World H'av II, d-f systems operating «]UiPP«ä «'"> • removable carnage «i««»« 
lowered by means of a windlass. Wooden 
dowels were used in place of nails or bolts in 
all the structure above a fixed platform sur- 
rounding the pole and located at the same eleva- 
tion aa the roof of the test house to permit mea- 
surements at horiiontal incidence of the array 
located on the roof. 

It wu found later that complete elimination 
of metallic object» in the construction of the 
equipment on the pole was not necessary at the 
frequencies used, and lhat meta! coulcl have 
been employed in limited amounts in the wind- 
lass and possibly in the pulleys. The effect» of 
the metallic window screens were negligible 

INTRnuucrriON 

PI 
in the u-h-f region were generally of thi 

ilevated H, fixed or rotatable, Adcock type. 
Their properties had been extensively studied 
and wer- well 'mown. On the other hand, later 
work with certain types of arrays and their 
application to radar and closely related fields 
indicated that improved systems having con- 
siderably higher gain and broad-band response, 
particularly where portability was an impor- 
tant factor, could be devised for d-f use. 

The studies in this project, therefore, con- 
sisted of the design of reflectors and arrays of 
tho corner- and flat-reflector types; of means 
for rotating the directivity of the flat reflector 
by phase adjustment of the array elements; of since the «reens we« «^ '" «* line « th'' 
the use of cathode-ray o«cil!o«opes for visual direct or ground-reflected waves at the trans- 
indication of bearing including electrical cir^ mitter. Presence or posit.ons of persons or ot- 
cuits for obtaining CRC patterns easily inter- Jects in the tot hou« had "^ "°'"""«"« 
preted; and, finally, some comparfltive atudies on beaHnj. from the two types of arrays 
of a differentially connected V array and the tested, 
conventional elevated H Adcock. 

,   13.1-82, Contract   OEMir-1009,  Radio 

Power obtained from lines 6(H) feÄ away 
came to the pole in a shielded conduit buried to 
a depth of 18 inches and to a depth of two feet 
between pole and house. A six-conductor line 
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Krrrivinp Equip men I 

exporimental   model 

between hoUMc and pole (tö pruvide meter out-    *■*■' 
leU at the house for circuits located at the 
pule)   WBH buried to u depth of twg feet in a The   i 
trench containini: th.- telephone circuit. The SCR-616 supplied by the Eatontown Signal 

Corps Laboratory, It covered the bands 1S0-300 
and 300-600 mc. It consisted of a superhetero- 
dyne receiver with one r-f sUge on the lower 
frequency band and no preselector on the 
higher band. The input was designed to operate 
from a 95-ohni balanced line. Satisfactory re- 
sults were obtained in most cases by operating 
the receiver from an unbalanced line. 

The receiver had good performance charac- 
teristics for the service required. It was fitted 
with an a-f injection oscillator to modulate the 
intermediate frequency to produce an audio 
component when receiving pure c-w. The re- 
ceiver sensitivity, expresaed in microvolta to a 
95-ohm dummy antenna, modulated 30 per cent 
at 400 cycles, required to produce a change in 
output vottare of two to one with carrier on 
and with modulation on and off respectively, 
was approximately 5 microvolta on the lower 
frequency hand and 15 microvolts on t!.e higher 
band. 

*-*'* Meaituriiig  Equipment 

A slotted transmission line was employed fur 
impedance measurements and for a wide ranee 
of other necessary measurements. A microsm- 
meter equipped with a tilted mirror was found 
convenient for making observations when it 
was mounted on the elevated car iage and re;id 
with the aid of high-powered prism binoculars 
from the ground, A Genera! Radio power os- 
cillator covering the range of 150-600 mc fur- 
nished signals. 

"   V-l ARRAY (1 DIPULK PER SCREfeN) 

The V type of antenna system consists of 
two similar linear cophasal broadside arrays. 
each placed in front of one side of an angled 
reflector. The two arrays have mirror-image 
response pattern«, each nearly symmetrical, ex- 
repting that onu is routed in azimuth with ref- 
erence to the other by an angle equal to the 
angular displacement of its reflector from the 

discontinuity in the ground characteristics plane of the other. The direction of maximum 
caused by the buried cables was not serious as response of each array is normal to the corre- 
subsequenl  site error  meatiurements  proved,    spending reflector. See Figures 3A and B, 
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it may be observed that the patterns of the 
two array.« can be made to intersect at some 
desired point, depending on the angle of the 
ri'flector. This intersection repreflenta equal re- 
.ipotisi- ol the two arrayrt, and may be used a« 
a beanng indication if the amplitudes at1« B'.iit- 
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mum dimensions of the array with which it is 
used at the lowest frequency of operation, pro- 
viding that the smallest dimension of the array 
is at least one-half wavelength (A/2) At this 
frequency, A maximum spadrK of A/20 be- 
tween members making up the screen at the 
highest frequency to be used was indicated, 
with the length of the elements oriented along 
the direction of desired polarization. The pres- 
ent study verified the adequacy of these limits. 
An increase in the screen size above this figure 
resulted in small performance change. Substi- 
tution of hiiKh-conductivity fine mesh screen 
ale» resulicd in no material improvement in 
performance. 

ably compared in associated indicating equip- 
ment. A number of indicating methods are 
available and are discusse<] later. 

Two collector systems of this general type 
were studied, the first cunaisting of one dipole 
before each reflector (V-l), and the second 
having two dipolea in tront of each reflector 
(V-2). Larger numbers of enphaaal antennas 
per screen are possible, but were not studied 
because the resulting siie in the low-frequency 
band was considered excessive in view of porta- 
bility requirements. On the higher-frequency 
band, twice the number of elomeiits may be 
used without exceeding the size of the low- 
trequpney array. 

A large portion of the experimental work in 
this project was done on the V array having 
one dipotc per reflector, and while this array 
ha» the least favorable jierformance of all con- 
sidered, most of the information obtained was 
useful In carrying out the examination of the 

•** Kedcctors 

The first problem presented was the deter- 
mination of reflector size and mesh. The experi- 
ence of other groups engaged in antenna re- 
search indicated that a reflector ai iximate* 
a perfect plane conductor of infinite extent if 
the dimensiona art such as lo exceed by i,ne- 
eighth wavelength in ail directions the maxi- 

The screens used were fabricated of 3/16- 
inch stainless steel tubing, spaced two inches 
apart, and made in sections so that the overall 
size was easily adjustable. The members sup- 
porting tlie dipole assemblies were designed to 
permit adjustment of the spacing between 
olpoles. and the spacing to the screen. The 
assembly was copper pi: ed and protected by a 
coatliig of enamel. See Figure b for dimensional 
drawing. 
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sidtive and reactive componprts. The efficiency 
of energy transfer from the dipoles to the 
utilization circuits depends on the impedance 
match through the system (aside from lin-' 

required   considerable   attention.   The    totiaes): It was therefore necessary to establish 

Pi|i.ij.' Diim-iKioiiK and Impedance 

(iharaclcrUtics 

The determination of proper dipolc dimun- 

parameters chiefly atfetted by the dlpole dimen- 
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The input circuiU of receiving equipments 
in the range of frequencies covered, 150-600 
rac, differ markedly from lower frequency 
equipment in that power ia generally consumed 
in the former due to an input impedance char- 
acteristic which may reach tow values. This i: 
due primarily to finite electron transit time 
effects which depend on the flize of the first 
amplifier tube, it« eeometry, and electrode voit- 
agca. The input conductance varies direttly 
with the square of the frequency. AH a con- 
sequence receiving equipments may have widely 
different input impedance charaderiBtics, and 
the input impedance of a receiver will generally 
show a large variation over a two-to-one fre- 
quency range. This impedance is primarily re- 
siative since the circuit i» usually tuned. With 
an antenna and receiver whose impedancer are 
different functions of frequency, a matched con- 
dition can not be realised with a fixed trana- 
miesion line over a wide band of frequencies. 
In most cases the condition for beat signalto- 
noise ratio corresponds to the condition of 
maidnium power transfer. This latter condition 
requires that at any point in the system the 
impedance in one direction must be the complex 
conjugate of the impedance in the other direc- 
tion. 

In view of these facts it is considered im- 
possible to set up absolute criteria for the im- 
pedance characteristics of an antenna array 
without a complete knowledge of the equipment 
with which it is to be used. An alternative 
which is thought to be satisfactory is to ap- 
proximate a uniform resistive impedance 
through the range. The raicinatch between this 
and a suitable transmission line should not be 
too severe. The input circuits of receivers ap- 
pear to offer a greater degree of flexibility for 
applying means to manipulat« impedance char- 
acteristics, and an attack of the problem in this 
direction should more roadily yield the desired 
results. It In not unlikely that incomplete in- 
formation in the hands of receiver designers on 
wide-band antenna impedance characteristics 
la one of the chief reasons why such Isrge 
variation is Lncountered in the input circuits 
of receivers. In comparison two of the systems 
developed in this project, the V-2 and flat 
arrays, show much smaller variations, while 
the variation of the V-l is of the same order as 

a reprenentative receiver covering a similar 
frequency range. 

The pieliminiry design «01* on the corner 
array envisioned the usf of dipoles mounted by 
metallic tubes supporting each half, the two 
tubes forming in effect a parallel wire trans- 
miasion line shorted at the reflwtor surface. 
Electrically this represents an almost pure re- 
actance in shunt with the radiation impedance 
of the dipole. This shunt reactance was ex- 
pected to cancel partially the ladiation reac- 
tance of the dipoie; tht length and charae- 
teriatic impedance were chosen an HB lo accom- 
plish this. 

Preliminary measurements showed large IüK- 
crepancies between actual and expected results, 
due largely to insufficient information on the 
characteristics of cylindrical dipoles of large 
transverse dimensions, the design work having 
been based on prolate spheroidal dipoles. Also, 
the effect of the reflector was not fully ac- 
counted for. The results of subsequent thro- 
retical investigations on these points are given 

As a result of information obtained in these 
measurements, it was decided to change the 
design to a single-sjpport, insulated dipole. 
using twin coaxial cables for interconnection. 
This eliminates the shunt reactance of the 
double support, and replaces it with the much 
higher reactance of a single insulated support. 
This balanced configuration was expected to be 
less susceptible to response from fields of un- 
desired polarisation. 

DIPOLE CONBIDEKATIONH 

The frequency range which a dipole must 
cover reslricts the choice of its length; thin 
should be a half wavelength near the center of 
the band. The other constants which may be 
adjusted are the ratio of diameter to length, 
and the spacing before the reflector. A large 
ratio of diameter lo length gives a lo« antenna 
characteristic impedance and resulling low Q. 
The limitations In this respect are chieflj me- 
chanical, and depend on the portability re- 
quired in the equipment. Weight and mechani- 
cal strength and rigidity are more favorable in 
the smaller diameter dipolcs. and they are more 
easily supported, particularly in the balanced 
type of structure requiring members insulated 
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from the support. The only practical limita- 
tions on the Hpncing before the screen arc the 
effect on the impedance variation and the 
chanire in the response patterns. With a ainirte 
dipole before a screen, the response pattern 
begins tu break up into two lobes as a quarter- 
wavelcnicth spacing is exceeded. This is most 
pronounced at the high-frequency end of the 
range, where the fractional wavelength spacing 
is the greatest. When this condition is encoun- 
tered, the antenna gain drops, and internal 
screen angles much leas than 90" are required 
to obtain aatisfac'ory overlapping of lobes. 
With anays of mo.*e than one element per 
screen, this limitation Is less serious, since the 
gain is higher and the response patterns are 

IMPEDANCE CONSIDERATIONS 

The effect on the impedance due to the spac- 
ing from a reflector may be examined most 
readily by replacing the screen by the negative 
image nf the d'pole. The mutual radiatii i Im- 
pedanc !jciwo«n the two dipolea modilies the 
impedance of the original dipole. The mutual 
reactance may be cither positive or negative, 
and the mutual resistance may also be of either 

dependent on the proximity of the dipole and 
its image, the impedance variations through 
a wide frequency range are generally greater 
when the spacing Is small. The impedance char- 
acteristics, as measured at the dipole termi- 
nals, of the final V-l array are shewn in Figure 6. 

IB-     iy    .y     r    MO'   M^    w 

*'■' Direciivity irk Aziniutli 
The directivity of this array in azimuth re- 

sults from the use of the reflector, since the 
pattern in the equatorial plane of a dipole In 
free space is circular. As the frequency in in- 
creased so that the spacing from the reflector 
exceeds \ 4, the pattern begins to break up 

WS. V-ta 

sign, depending on the spacing in terms of 
wavelength. The resistance decreases when the 
mutual resistance  is  positive,  and   increases 
when It is negative. When the self and mutual 
reactances are of the same sign, the reactance    into two lobes, with a minimum normal to the 
Jecreasea, while if of opposite sign, an increase    reflector. This minimum reaches aero at a spac- 
takes  place.   Since  these  mutual  effects  are    ing of Jt/2. As a result, the spacing may not 
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appreciably exceed A/4 at the high-frequency 
limit. The patterns exhibit a broadeningr with 
increasing frequency because of this phenome- 
non, but are seen to be usable through the two- 
to-one frequency i'ange. 

The general shape of mimuthal curves at 150 
and 300 mc for eievationit from 0° to 30 at Itr 
intervals changes somewhat thrmig'i this range, 
but not sufficiently to affect the performance 
adversely (see Figures 7 and 8J. The change 
in relative sice of the patterns of the two an- 
tennas is due to the unsymmetrical effect of the 
hunzontal electric field component lying in the 
plane of propagation; the shift of the lobe in- 
tersection from 0C azimuth la, therefore, a 
polarization effect. 

'■''*    Delermination of Lobe Inlcrseclion 
In d-f systems using amplitude comparison, 

the question arises as to the best point to use 
in intersecting the lobes, where such choice 
exists. The lobe intersection in the V array is 
determined by the angular position of the two 
reflectors, and can be adjusted to any desired 
point. It is, therefore, useful for this as well 
as other similar systems to consider a number 
of factors which enter into the selection of the 
intersection point, and if possible, to define an 
optimum point. 

Consider a i imple array such as the corner 
type with one element per reflector. If an 
idealized point antenna is placed before a 
screen, the relative response as a function of 
the azimuth angle measured from the normal 
to the reflector is given by 

Here r is the relative response, ■> the azimuth 
angle, « the spacing from the reflector to the 
point antenna, and A the wavelength. This 
function is plotted in Figure 9 with a taken 
equal to A/4. If a receiving equipment having 
an ideal noise characteristic, that is, one pro- 
ducing no internally generated noise, is thought 
of as being used with this antenna, then an 
output of any desired magnitude may be ob- 
tained from a signal arriving from any direc- 
tion where the antenna response is not zero, 
assuming unlimited smpliflcation to be avail- 

able. In an actual receiving system the inher- 
ent noise limits the useful umplißcation. If an 
actual receiver is c<inaider.d operating with the 
antenna, a certain amount of noise will be pns- 
eat in the output. If a signal now arrives al 
the antenna, the output of the receiver will be 
proportional to the He'd intensity, and to the 
relative response r of the antenna at the aei- 
muth of wave arrival. (The gain of the antenna 
need not be considered at this point since its 
effect is merely to change the factor of propor- 
tionality.) For a fixed Held intensity of the 
signal, therefore, the sign a I-to-noise ratio of 
the output is proportional to r, and from this 
standpoint best operation M had when i- ia a 
maximum. 

The operation of indicating systems used in 
conjunction with switched lobe antennas usual- 
ly depends on the difference in output when the 
signal is sampled successively on the two an- 
tennas. For example, a differential rectifier 
might be used to actuate a zero-center micro- 
ammeter, or to control the input circuits of a 
servttamplilier for automatic tracking. 

SENSITIVITY FAtrroRa 
The sensitivity of such a system depends on 

the magnitude of the difference response for an 
increment of azimuth angle in the vicinity of 
the equisignal point, that is. the intersection 
point of the two lobes. The magnitude of the 
difference in turn dependi upon two factors— 
the first of which is the slope of the antenna 
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response curve at the «pemtinft point; this 
i]vijiii'itv might be appropriately termed "dif- 
ferential sensitivity," The second is the scale 
factor, which depends on the amplification and 
signal intensity. If we assume that the maxi- 
mum available linear amplification is used, then 
for a fixed sifcnal intensity the differential out- 
put is proportional to dr/df. As proviously 
indicated, the signal-to-noise ratio is propor- 
tional to r. The conditions of maximum «ign«!- 
to-noise ratio and differential sensitivity can- 
not be satisfied simultaneously, since rfr/rf* is 
zero when r is a maximum. If eciual importance 
Is tuwittned to r and if/it the maximum value 
of the product may be defined as the optimum 
intersection point.  That is, 

The product rdr.rl$ may be most conveniently 
maximized graphically, especially when experi- 
mental response curves are used. 

For the cas» of a single-point antenna placed 
a distance x 'i More a screen the functions 

,...(-„,.,) 

•(?-) sin « sin 2 I 

i Figure 9. The maximum value of 
. seen to occur at -* of approxi- 

are plotted I 
the latter i 
mately 60". 

For the case of two-point antennas placed 
l>efure a screen, the response palt«m is given 
h.v 

Here the quantity d represents half the dis- 
tance between the iwo dipoles. These two func- 
tions are plotted for d -- » = A/4 in Figure 
10, The maximum of the second occurs at * of 
approximately 28", 

This figure of merit fails under extreme con- 
ditions of signal intensity, tf the signal is on 
the threshold of noise, r becomes more impor- 
tant than its derivative, while at the other ex- 
treme, where the receiving system is overload- 
ed, operation at lower values of r is indicated. 
The first of these extremes is more likely to 
occur in practice; however, deviation from the 
above criteria should be based on statistical 
data obtained in actual use in the field. Tho 
data should include the noise characteristics of 
the receiving equipment and the field intensi- 
ties encountered. The speed of response of the 
indicating circuits, or the minimum time in 

FlOfU 10. Iinti similur to Chat given in Figure 9 
VKCIIII for two-point mntenu. In both illuatratforia, 
ritr/df is product of aiimuthal [exponte and tale 
nf ehtni* of thb mpnnH with respecl to aii- 

whicb Integration is substantially complete, 
coupled with the signal-to-noise ratio data 
should indicate the direction and extent of the 
departure required from the above criteria. 

In the two cases considered, the rdr/dj 
curves are fairly broad near the maxima; for 
one doublet, the width of the curve is 200 at 
90 per cent of maximum, while for two doublets 
the width is 16°. This width affords some 
latitude of choice without departing far from 
the optimum. When an array is used over a 
two-to-one frequency range, the shape of the 
response pattern changes with frequenry. The 
intersection point can be selected at the mean 
frequency, and performance will generally be 
satisfactory throughout the range. 
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"^       Relative Rnpontir in Elevation 

Because of interference effects between the 
direct and reflected waves at the receiving an- 
tenna, the direct measurement of the directive 
pattern in elevation holds only for n BpcciRed 
antenna height above ground and fixed ground 
constants. For thie reason an indirect method 
was adopted for the measurement, and the pat- 
terns so obtained are assumed to hold for all 
the arrays studied in this project 

The method of measurement consists of de- 
terminins the response in azimuth of one re- 
flector to horiiontally polarized waves, with the 
receiving dipole oriented horizontally. Since 
the reflector used is very nearly square, this 
procedure, in effect, is equivalent to turninn 
the entire receivint; and transmittinr system 
90° about a horizontal line connecting the 
tl-ansmitting and receiving points. The original 
vertical polarization now corresponds to hori- 
zontal, and the angle of eievalion corresponds 

sence of ground reflections. It appeani to serve 
no purpose lo give spec'fic diagramH including 
the effect of ground reflections, since these 
wo.ild vary widely depending on the height, fre- 
quency, and ground constants. 

PoUriiatk En 

to azimuth. Ground reflections are thud con- 
stant, since all measurements are made at 0° 
elevation, and may be neglected. The measure- 
ment was made out to ±90^ from the normal 
to the screen; the two halves showed slight 
dissymmetry, and the average was taken. The 
response diagrams for three frequencies, 150, 
225, and .100 mc are given in Figure 11. and 
may be taken to represent the relative response 
in the half space above the earth, in the ah- 

One of the major probloma encountered in 
the course of this project, and one which arises 
in most research connected with the study of 
collector system« for direction Anders, is the 
investigation of polarization errors. Although 
most of the important characteristics of such 
systems can be readily determined theoretically 
or en peri mentally, this is not true in the case 
of polariiation errors. The theoretical predic- 
tion is generally not possible, except in the 
case of certain elementary collectors such as 
balanced shielded loops, where the response to 
fields of any polarization is known. In the case 
of some other antennas of simple geometrical 
configuration, the shape of the response pattern 
to fields of various polarizations may be as- 
sumed to a good degre« of accuracy; the errors 
may be predicted if the scale factors between 
lliem are known. The latter cannot l>e pre- 
dicted theoretically, and therefore are mea- 
sured; the complete performance can then be 
stated in terms of the theoretical assumptions 
and the measured values of these parameters. 

The difficulties underlying the evaluation of 
polarisation errors are due basically to the lack 
of an adequate and readily measured standard 
of performance. Until recently, the standard 
wave error of Barfleld' was widely used This 
is defined as the error of a system when obtain- 
ing a bearing on a wave arriving at an angle 
of elevation of 45". and having equal compo- 
nent!) polarized in, and perpendicular to, the 
plane of incidence, with the two components 
so phased as to produce tha maximum error. 
This standard of performance is open to two 
objections. The first is that it is defined with- 
out consideration of the effect of the ground in 
modifying the wave arriving at the collector. 
Although the omission is justifiable in the cane 
of collectors located near the ground in terms 
of wavelength, in the case of elevated aystcms 
the difference in reinforcement or cancellation 
of the parallel and perpendicular field compo- 

COMWHUnUL 



■■:  im-ll1r.ll-FK^yi !>' »    »IHkl  IHINMMIIISG   STL'BV 

rn'TiiH caiiBed by the gruund-reflei ted wave may 
give rlfto to a resultant thai diffcrg widely from 
the condition of the downcoming wave. Hence, 
large variutions of the standard wave error of a 
system may be observed, depending on the ele- 
vation of the receiving antenna above ground 
and the electrical characteristics of the ground. 
The second objection is that a knowledge of the 
standard wave error of a syslem in itself ic 
generally not sufficient to determine its pa- 
formance under other conditions of wave ar- 
rival. The additional information necessarv for 
this determination is the law of error which 
the syxtem follows. The general law which a 
system obeys is, of course, known from the 
theory of its operation; to reduce it to a quan- 
titative form usable in extrapolating errors, 
other data would appear to be necessary. This 
same objection put in another form applies 
when systems following different laws arc In- 
tercomparcd. Kvldcntly one system may have a 
very large error at an angle of elevation of 45" 
(for example, if the vertical response is a mini- 
mum at this angle and the horizontal response 
Is large), and have low errors at other ele- 
vations. A second system may respond in an 
opposite manner, and have low errors at 46" 
and high elsewhere. Comparison of these two 
on the basis of the standard wave error would 
appear favorable to the second, while the first 
may actually be superior at most other ele- 
vations. Therefore It is seen that two arrays 
having the same standard wave error may have 
considerably different performance under other 
conditions. 

To some extent the situation has been clari. 
fled by the work of the National Bureau nf 
Standards [NBS1 as summarixed in the final 
report on Project C-I8.' The report is con- 
densed in Chapter 1 of this volume. The melh- 
nds and criteria developed by NBS for the eval- 
nation of collector performance with regard to 
polanzaticn errors overcome these objections 
to a certain extent and should lie applicable, in 
theory at least, to most collector systems. These 
methods specify performance in terms of cer- 
tain parameters of the tystem analogous to 
effective heights, measured at ground level, and 
independent of the ground constants. A knowl- 
edge of tho law of error of the syslem enables 
the complete performance lo lie stated.  It was 

thought desirable to apply these methods in the 
present project, subject to v rification of the 
results by other methods, principally, the direct 
measurement of the errors. Unfortunately, the 
attempt to adapt these methods in the present 
case did not result In any marked degree of 
success. 

THE NBS METHOD 

Essentially, the NBS method is based on the 
statement of the response of the antenna sys- 
tem to an arriving field in terms of the desired 
response of the true antenna elements and the 
undesired response due to extraneous elements 
such as feeders, etc. The response of the an- 
tenna is awalyzed on the basis of three resolved 
field components, with s directivity function 
associated with each, and a parameter analo- 
gous to effective height, called the pickup factor, 
also associated with each. These latter relate 
the voltages induced by a component to the 
intensity of the component producing it, and 
therefore have the dimensions of effective 
height. The response of the feeders is aimilarly 
stated for the three fold components. The enua- 
tions may be written as follows: 

hKFiWi 

>■,.,!-, - mw 

(D 

c 

Here V is the voltage induced in the element 
indicated in the subscript, h snd A' the pickup 
factors, E the electric field intensity (for sim- 
plicity the magnetic field components will nut 
be considered), and F and f the directivity 
functions, dependent on the azimuth >h. and the 
angle of elevation ^. The field terms on the 
right hand side of the two equations are re- 
solved into three components, and the other two 
factors are likewise resolved to correspond. 

The resolution of the field at the collector is 
indicated in Figure 12, where the two primary 
componenta E, and EP. aliown at A, are respec- 
tively perpendicular to ?nd in the plane of 
incidence. 

The parallel component is further resolved at 
B into a vertiad component ffM and a hori- 
zontal component fiK,,; the direction of propa- 
gation associated with each vector is indicated 
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in the figure.  Following this reBolution, equa- 
tions (1) and 12) can be written 

+ *,''.'',(*'*'    l3' 

The »um of these two voltages is the total re- 
sponse of the sv.item tu the existing field. 

The factors h and k for the various compo- 
nents are to be obtained empirically, while the 
directivity functions are deduced theoretically 
from a knowledge of the configuration of the 
system. One or two of the h factors in the an- 
tenna responie may be zero or negligible; for 
vertical dipoles, for example, ti, and h, are 
zero, simplifying the situation. For the un- 
desired response all of the tr's may be present: 
often two are sutflcienl to dAicrilie conditions. 

With respect to tht directivity functions, the 
NBS procedure is to determine the dependence 
on 4> by measurements at horizontal incidence, 
while the relation to ^ is determined from a 
knowledge of the configuration of the systems. 
These directivity functions are quite general 
and may be expressed in complex form to ac- 
count for the phase of each term. They are 
»ufflciently general to permit inclusion of the 
effect of the field set up by reflection Cram the 
ground. The equations, therefore, when ex- 
panded to include these factors, describe com- 

pletely the response of a system under any con- 
dition of wave arrival, or ground conditions. 
This response will depart from the ideal de- 
sired response because of the undesired pickup 
present; an analytical fompariaon of the actual 
with the ideal response enables the determina- 
tion of the polarization errors of the ayatem. 
Generally, the phase modifications undergone 
by the various induced voltages through the 
mechanisms whereby they are induced and 
transferred from the responding elements to 
the utilization circuits are not known, nor are 
they readily determinable, and as a result, the 
complete equations may not be written explic- 
itly to include them. Nevertheless, a knowledge 
of the law which the system follows enables the 
assignment of values to these unknown phase 
angles such as to make the polarization error a 
maximum, and thus set an upper limit to the 
polarisation error possible for a particular con- 
dition of the downcoming wave. A plot of these 
maxima over a representative range of ele- 
vation angles at an appropriate ratio, say one- 
tO'One, of the parallel and perpendicular field 
eomponer.ts gives a complete picture of the 
performance in this range, and may be used for 
comparison with other systems of the same or 
different type. 
APPLICATION TO ADCOCK ANTENNA 

The first step in applying this method, 
namely, the determination of the dirative pat- 
terns for the three field components, must now 
be subjected to further examination. For the 
purpose at hand, this may best be accompliahed 
in conjunction with an illustrative example. A 
differential Adcock pair of the elevated H type 
will be considered, since the NBS report re- 
ferred to treats a number of this general type. 

The H Adcock consists of two vertical 
dipoles differentially connected by horizontal 
feeders. The response of this system can be 
conveniently considered as resulting from a 
combination of the desired response of the two 
tertLcal dipoles and the undesired response of 
the horizontal feeders. The directivity function 
for the two dipoles is known accurately on 
theoretical grounds for fields of any polarizn- 
tion. Obviously f-'p,-. is the only component 
capable of inducing a voltage in either dipole. 
since &,,, and K, are always directed at right 
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angles to the length of the dipole«. Therefore 
A, and h, arc .■ai-h zero, and terms containing 
them are eliminated from the response egua- 

The horizontal feeders may be replaced, as a 
first approximation, by a short liipole along the 
line of the feeders. The directivity function 
for this dipole is known from theoretical con- 
siderations. £,, is always normal to the direc- 
tion of this dipole. and can Induce no voltage 
in it; k, is therefore zero. Further, the maxi- 
mum response to a unit field of E, (at ^ - 0°), 
must equal the maximum response to a unit 
field of EfJ (at « - 90°, ^ » 90°), since in 
each case the direction of the electric field is 
parallel to the dipole in question. Therefore the 
response coefficients k, and k, are equal, and 
the measurement of one is sufficient to establish 
the other. Evidently both It, and k, may be 
separately determined by measurements at 
horizontal incidence, and their ratio obtained. 
Since the complete directive pattern is known, 
it need not be measured; the NBS procedure is 
to measure the patterns due to E. and E,,, at 
ground level, probably as a verification of the 
assumptions. The method is thus seen to be 
substantially an indirect one, in that the polari- 
zation error is not measured directly, but is 
deduced from theoretical considerations and 
observed data. 

It Is interesting to consider the situation re- 
sulting if in the preceding example it were not 
possible to asaiffn on theoretical grounds a di- 
rectivity characteristic to the element respond- 
ing to the undesired field components E. and 
E,„ that la, if knowledge of the behavior of 
the feeders is insufficient to permit the valid 
substitution of a simple dipole. It would then 
become necessary to establish this directivity 
by empirical methods. A series of measure- 
ments would be made, starting for example 
with E„ fields. The response through 360° in 
azimuth could be measured for an angle of 
elevation equal to zero. In carrying these mea- 
surements to elevated anncles, however, a fun- 
damental difficulty would arise due to refiec- 
tiona from the ground. When a ground-reflec- 
ted wave exists (and this may even apply in 
an elevated system to the measurements at zero 
angle of elevation), there are in effect two 
waves present, differing in magnitude, phase, 

and direction of arrival. Moreover, the re- 
sponse of the system to waves from the two 
directions may introduce additional phase and 
magnitude changes. Obviously 8 single figure, 
the resultant output voltage, is not sufficient to 
determine uniquely the response in the desired 
direction. Nor would it be valid to take the 
downcoming wave, compute Inc magnitude and 
phase of the reflected wave, and add the two 
vectorially in time and space at a point of the 
system, unless it can be assumed that the point 
adequately represents the system for the two 
waves in question, i.e., that waves do in effect 
act on the system at the point, and nowhere 
else. For example, if, instead of a single hori- 
zontal dipole representing the feeders, it were 
necessary to substitute two parallel dipoles 
lying in the same horizontal plane the addition 
of the direct and reflected waves at one would, 
in general, not hold for the other, since the 
path differences in the two cases are not the 
same for a nearby signal source. This assump- 
tion concerning the configuration could not be 
made, as the configuration itself is to be deter- 
mined by the measurements. Should an attempt 
be made to carry the investigation on for the 
other two field components, difficulties of the 
same nature would exist and. in addition, other 
complications would be found. The BP_r and 
E,,! components are not separable; the plane 
of incidence and direction of propagation deter- 
mine uniquely the direction of the f, vector 
Its resolution is useful for analysis, but cannot 
be accomplished physically so as to eliminate 
one or the other of the components. As an 
alternative, (he method might be modifled to 
measure the total response to the E,, field, rather 
than the response to its two components. The 
effect of the components could be deduced, if 
the phases of the resultant voltages were 
known. These, however, cannot as a rule be 
determined. Moreover, in a reasonably good 
collector, the desired response of the dlpoies to 
£,,..■ would almost completely obscure the re- 
sponse to E,t. unless a very high precision 
were attained in the techniques of the measure- 
ment. The desired response could not well be 
eliminnted. since the dipoles, while not respond- 
ing to the undesired components directly, may 
be, and usually are, an element in the transfer 
svptem from a responding member to the util- 
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ization circuits, because at radiation or re- 
active coupling. For example, a member re- 
spoiuive to Er_, may reradiate a component 
parallel to the dipoles and thus induce a volt- 
age; removal of the dipoles. or short circuiting 
them would remove this imdesired effect; the 
total effect of £,., could not then be deter- 
mined. 

Some consideration might be given to a 
method of evaluating the errors on the basis of 
the primary components alone, without at- 
tempting the more or less artificial resolution 
of the E, field. While this might conceivably 
be possible, the other difficulties mentioned 
would still be present: in addition to the com- 
plicating presence of the ground-reflected wave, 
the phase angles of the voltages induced by the 
two components of the parallel field would re- 
main unknown. In itself, this would be of no 
consequence, since the effect of the whole f'r 

field is being investigated. However, while the 
two components are always in phase in H down- 
coming wave, this may not be the caae when 
the combined direct and reflected waves appear 
at the collector. As a result, the analytic sepa- 
ration would stiii appear to be necessary to 
predict th( behavior for any ground conditions. 

FaEE-SPAre PATTERN FOB SYSTEMS USING 

REFLECTORS 

By positioning the reflector near, and paral- 
lel to. the ground, the latter becomes in effect 
an extension of the reflector; undesired ground 
reflections would be "'fra'nated. The signal 
source could be placed dirc-tiy above the reflec- 
tor at a suitable height, and either moved 
through ares corresponding to azimu'.h and ele- 
vation, or left stationary, and the reflector ro- 
tated as required. The objections to this method 
are that the array would have to be dismantled 
from its normal operating position, and special 
gear constructed to obtain the required rota- 
tion of the screen, or motion of the source. 
Further, a legitimate doubt would always exist 
concerning the equivalence of the undesired 
response in the operating and measuring posi- 
tions, since the )eedi:ra could not be identically 
disposed in the two cases. The uncertainty 
caused by the change in phase of the SM and 
E,, fields in the presence of the ground would 
still remain. 

These possible procedures h-.ve been touched 
upon not so much to examine their merits, but 
rather to bring out the difficulties of the 
method when recourse must be had to an ex- 
perimental determination of thn throe dimen- 
sional response of an array to certain field com- 
ponents, when the directivities involved cannot 
be assumed a priori from the configuration of 
the array. Even in the case of so simple a col- 
lector as an H Adcock. it is open to some ques- 
tion whether a successful experimental deter- 
mination can be made. On arrays of the type 
studisd in this project, the configuration of the 
elements which may respond to undesired field 
components is considerably more complex, and 
the difficulties increase accordingly. The de- 
sired response of the dipoles cannot be pre- 
dicted to a high degree uf accuracy because of 
the presence of an imperfect reflector; to this 
time a reasonably accurate expression for the 
current distribution in a cylindrical dipole of 
large transverse dimensions has not been ob- 
tained. Any assumption aa to the total response 
of the system was out of the question. 

If consideration be given to the NBS method, 
its elegance and utility are seen to reside in its 
ability to assess in terms of simple und readily 
dcterminable parameters, a phenomenon which 
is at best very complex. One of its outstanding 
advantages in practice is that the measure- 
ments are so made a? to avoid the complicating 
influence of the ground, that is, at horizontal 
incidence. In any of the procedures mentioned 
above, this advantage would be lo-t; the meas- 
urements would be time consuming and diffi- 
cult, if at all possible, requiring, in the case of 
arrays studied in this project, fields of high 
purity of polarization; the final results would 
he indirect and subject to cijeation on this 
ground. 

As mentioned pre ;oualy, an attempt was 
made In apply the NBS method during the 
course of the project. Some of the earlier re- 
sults of measurements on the response of the 
V-l array to horizontally polarized waves in- 
dicated that no simple space pattern could he 
presumed. The lack of a reliable field-Intensity 
meter hampered the work considerably. Resort 
had to be made to the array under test for field- 
intensity comparisons. This was done by orient- 
ing the dipole either vertically or horizontally 
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uB required, and Hssumitin the same ofTettive 
height for the two conditions. Rejection ratio« 
were apecifled in the bearinit direction and are 
given below. These ratioa were found to be of 
considerable value as an iudication at the prug- 
reag of the work, aincc any subatantial im- 
provement was usually accompanied by smaller 
measured errors. 

POABT METHOD OF MEABVHING POLARISATION 

The (mal method adopted for t>K' messure- 
ment of polarization errors was one originally 
intended to verify results of the indirect meth- 
od. It was originated by L. M. Poast of the 
National Bureau of Standards, and consists of 
a means of producing a field polarized so as to 
have equal components In. and perpendicular to 
the plane of incidence, with a continuously 
variable phase adjustment between these com- 
ponents. This is accomplished by exciting three 
mutually perpendicular eledric dipoles from 
the same shielded source. One dipole. used as 
the axis of rotation, is horiionUI and at right 
angles to the direction of propagation of inter- 
est. The plane through the remaining two di 
poles is vertical, and coincides with the plane 
of incidence at the receiving antenna. The 
horizontal dipole and one of the dipoles in the 
vertical plane are fed in phase, and the remain- 
ing vertical dipole feed is displaced 90° in 
time phase by an artificial quarter-wave line. 
The two dipoles in the vertical plane produce 
a uniform fleld in that plane. The phase varies 
uniformly with angular position in that plane, 
and the magnitude of the resultant Aeld is 
equal to the maximum field due to either dipole. 
There results, therefore, a field as specified 
above, with u parallel component E, whose 
phase may be varied uniformly by rotating the 
system about the horizontal dipole as an axis. 
Figure 13 shows the unit which was designed 
to operate over the 150- to 300-mc band. The di- 
pole extensions are interchangeable with units 
of other lengths and telescope into the osclla- 
tor housing for accurate adjustment to fre- 
quency. 

When this system is used for the measure- 
ment of polarization errors, it is supported so 
as to permit rotation about the horizontal di- 
pole, then elevated to the desired height. The 

errors are observed as the assembly is rotated 
through 360: by means of control cords. The 
maximum error Is noted, as well as errors at 
uniform angular intervals. The maximum error 
then Is the maximum possible for a one-to-one 
downcoming field at that elevation angle, re- 
ceiving antenna elevation, and ground con- 
stunts. The measurement of the polarization 
errors la direct, and Is, therefore, not open to 
those objections which are based on the in- 
directness of a method. Three factors never- 
theless may be questioned. The first Is the va- 
lidity of the results based on radiation from a 
nearby transmltUng system. At the lowest fre- 

VlOUW IS.   Vnrlabl« phase Dol.riat 
whkh tele- 

scope into ottillttor houiinic for ace r«te adiuit 
ment to frequency. 

quency in questior. the distance between the 
receiving and transmitting points is about 15x 
along the ground and 18A at the maximum 
elevation of 34°. It is believed that this is ade- 
quate to produce a substantially plane wave 
front at the receiver. The effect of the surface 
wave is greatest at low angles of elevation; It 
may be neglected at the higher angles where 
the polarization errors reach their i 
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values. The second objection IB that measure- 
menls are made with the receiving antenna 
array at a fixed height above ground, and may 
not wprawnt the worst paint of operation at 
all freiiuenciea. It was not feasible to construct 
elevating gear for this work. To overcome this 
objection to «ome extent, eAch curve of poiari- 
sation error reproduced in this report has a 
section showing the ratio of K. to the E,., 
component» at the receiving antenna through 
the range of elevation used. From thia it may 
be determined whether a specific error was ob- 
tained under favorable or unfavorable ground 
reflection conditions, and the extent  of dis- 
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practical conditions of operation likely to be 
encountered. In the uppi >■ end of the v-h-f and 
the u-h-f band», high-angle waves originate 
generally from elevated source»—aircraft 
transmitters prinmrily. In homing operations 
of friendly aircraft, for example, angles of ele- 
vation over 34" will rarely be found beyond a 
horiiontal distance of (he order of one mile. 
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crimination against one or the other field com- 
ponent. The third objection is that the informa- 
tion obtained covers only a limited range of 
conditions, and docs not specify the complete 
performance. 

Although it is true that complete perform- 
ance cannot be specified on the basin of the in- 
formation obtained, it is considered that the 
range of elevation angies up to 34' covered by 
the data is wide enough to induoe most of the 
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FlcUHt 16,    V-l   Biray, poUrization error mcai- 
urement» at MM mc. 

The use of thia rotating phase arrangement 
requirea eight or more observations at each 
angle of elevation. To expedite measurements 
for day-to-day comparison of reaulta, the sim- 
ple elevated dipole. tilted ^4S0 from the verti- 
cal, was resorted to. Thia method, while not 
giving the maximum error, yielded results of 
sufficient significance M be quite adequate for 
the purpose, and the measurements were readi- 
ly repeatable after several days* lapse. It i« in- 
teresting to note that the rotating phase meth- 
od rather consistently gives a maximum error 

I following frequend«; 
n.-f. 300-3,0» kc; h-f, 

n-f. 300-3.000 mc; »-h-f. 

UhNFlFlENTlAI. 



74 L i.riiA- HI«;II-FHEVLEWI:V  iiiRmiioN-nNniNc; >TI »v 

throuKh the range of elevations that is about 
50 per cent in excess of the error« measured 
with the tilted dipoie. The latter result« are 
given in Tables 1 and 2. The errors obtained 
using the variable phaee method at 160 mc are 
shown in Figure 14, and at 300 mc are shown 
in Figure 15. 

<J-7        Sdkclicm of Optimum HeinJit 

The selection of a suitable height for a d-f 
array should be guided by two performance 
considerations, aside from the purely mechani- 
cal ones involved in the design of a satisfactory 
elevated rotating mount. 

In the upper end of the v-h-f range, the ten- 
dency of electromagnetic waves to propagate 
along optical paths becomes evident, and this 
tendency becomes more marked as the fre- 
quency is increased. In the u-h-f range the 
paths are essentially optical. The curvature of 
the earth therefore limits the distance which 
may be covered, since the optical path is a 
straight line. The phenomenon of refraction in 
the atmosphere mojifles this condition some- 
wnat, as the path followed curves back toward 
the earth relative to a straight line tangent to 
the earth. Quantitatively the effect may be ac- 
counted for by assuming a radius for the earth 
in escesB of its actual radius. On this basis and 
the geometry involved, the distance to the ef- 
fective horiion is given in terms of the height 

by 

wherein the effective radius of the earth is 
taken as 1.32 times the physical radius. The 
[ibvioua conclusion to be drawn is that to obtain 
maximum range, as great a height as practica- 
ble should be used for the direction-flnäer 
array. 

The second consideration influencing the 
choice of height is the effect on polariiation 
errors. Due to interference phenomena be- 
tween the direct and ground-reflected waves, a 
standing wave pattern of Held intensities is set 
up along the vertical line over a point. This 
pattern is different for the perpendicular and 
parallel field romponents, so that the ratio of 
the two varies with elevation over the point 
in question; therefore relatively large sup- 
pression of one or the other component is pos- 

sible. The degree of suppression is dependent 
on the elevation, the electrifal characteristics 
of the ground, and the angle of elevation of the 
downcoming wave. 

The interference pattern is a result of the 
phase difference existing at a point between 
the direct and reflected waves. This difference 
is made up in part by the phase shift occurring 
al reflection; the rwnainder is due to the differ- 
ence in the paths traveled by the two waves. 
The corresponding phase difference for the 
latter is given by 

^ 4,A sin * 

where i is the phase difference in radians, h 
the elevation of the point in question, ^ the 
angle of elevation of the arriving wave, and \ 
the wavelength. The difference is seen to in- 
crease directly as the height and the sine of 
the angle of elevation. The change of phase 
with it is consequently inure rapid as h is in- 
creased. 

The phase change occurring at reflection is 
given by the appropriate Fresnel plane wave 
refleclion coefficient for the parallel and per- 
pendicular cases. These sre 

Ä, 
t sin ^ +- V 

'-'1 + sin* j 

: - 1 -i   sin' ^ 

_ sin ^ - y « - 1 + ^Jn'^ 
'      sin ^ + V i- 1 + s'l"3 f 

Here the complex dielectric constant 
< - i„ - J.i 

i,,   -- dielectric constant in eau; 
.,   - 2rA.r; 
e    -  velocity of light in cm |>er sec; 
A    ■  wavelength in cm; 
a    = conductivity in esu; 
R, ~  parallel reflection coefficient; 
Ä« = perpendicular reflection coefficient. 
Both the magnitude and phase angle of the 

coefficients for the two case^ vary in a different 
manner with the angle of elevation. The phase 
angle of R. remains nearly constant, while the 
phase of R, undergoes approximately a 180° 
change as the angle of elevation changes from 
0° to 90". The overall effect is that the ratio 
of the £\ resultant to the A', resultant varies 
through wide limits along a vertical line over 
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a givon piiitit. A plot (if Ihi« ratio is Riven in 
Kiirure 36, against height in terms of wave- 
lensrth, fw three values of the parameter ^. 
These curves are computed for a complex di- 
electric constant of 10 - jl, and correspond to 
the ground lonstants at the Medford ait« for 

FIQUBC 18.   Ratio of E, ■ixtii. 

the low-frequency end of the range (160 mc). 
The imaginary component is small enough to 
be neglected, and decreases with increasing 
frequency. The dielectric constant of 10 may 
be taken to represent average ground condi- 
tions in the frequency range investigated. An 
examination of these curves leads to two con- 
clusiona! first, the ratio of the horizontal to the 
vertical field intensities is consistently small 
only at elevations less than \/i. At 600 mc this 
represents a height of about 5 inches, and at 
150 mc, 20 inches, values too amal! to be usable. 
For elevations in the usable range, say over 6 
feet, the height would represent several A at 
the higher frequencies. Second, consistently 
small ratios for different elevation angles are 
not possible for a given height over A/4 even 
at one frequency. For example, all three curves 
go through a minimum in the vicinity of 6A; 

at intermediate or other angles, this would not 
necessarily be the case. Reference to the po- 
larization errors of the V and flat arrays shows 
that at the low-frequency end the errors are 
the greatest, and these occur at high elevation 
angles. If one assumes that the maximum 
angles encountered in practice are in the vicini- 
ty of 30c to 35°, it would be possible to select 

a heifc-ht giving favorable ratios near the low- 
fmiucnty end of the band for high angles, but 
the favorable ratios would not hold elsewhere. 
In the sbsence of elevating gear ami means for 
determining the angle of elevation of an arriv- 
ing wave, it would appear that a selection of 
height based on maximum range, and com- 
pletely random as fur as the present considera- 
tion is concerned, is as likely to result in satis- 
factory operation as would a height selected 
for a particul.ir set of conditions. 

The NBS report* has data similar to Figure 
16. The latter is somewhat more general in 
that elevations are given in terms of wave- 
length, and the ground conditions specified In 
terms of the complex dielectric constant. Fig- 
ure 16 is therefore usable directly at any fre- 
quency for a complex dielectric constant of 
10 - }1. 

Array Gain 

To measure the gain of the V-l array, a 
configuration was required which would elimi- 
ns*' ,.ui;nd reflection effects. A simple man- 
ner of achieving this consists of performing 
the measurement in the vertical direction. The 
reflector in question is placed parallel U> the 
ground, with the dipole above the reflector, A 
device to indicate relative field intensities is 
placed directly above, and elevated to a height 
great enough to eliminate spurious proximity 
effects. The antenna In quentiun is excited with 
a power oscillator, and the field intensity so 
obtained is compared to that produced by a 
resonant half-wave difwle, A/4 Bbo"e the screen, 
in exactly the same position. Relative input 
powers are meaaured by standing-wave equip- 
ment for the two coses. The relative gains of 
the two arrays are then computed. 

The absolute gain of the standard antenna 
may be obtained theoretically and, together 
with the relative gain, enables the determina- 
tion of the absolute gain of the array being 
measured. Figure 17 shows the gain charac- 
teristics of the V-l array over the entire fre- 
quency r&nge, 'he standBrü of comparison 
being a hypoth 'lical isotropic or nondlrec- 
(ional antenna. For comparison with a half- 
wave dipole in free space, the values giveii in 
this curve should be reduced by 2.14 db.  This 
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figure mmatt the eain of a half-wave dipole parison is made by succ^ive „l^ervations 
in free space over an Lwtiopic antenna.   The each strcen.   In order to check the electrical 
variation of gain with frequency is seen to be balance between the 
slow for this array. 

simultaneously, the 
two arraya  were differentially connected,  in 
which cnBe phase and umplitude balance are 
indicated by a null.  The errors noted with this 
airungement were lower by a factor of perhaps 
three-tn-one, indicatinR good electrical balance. 
The reason for thin wide discrepancy is not 
completely   understood   at   tnis   time,   but   is 
mostly likely  due to the inherently balanced 
nature of the differential system as compared 
to the diaeymmetry existing when only the left 
or right half of the array is observed at one 
time, which condition holds in lobe switching. 

Further investigations tended to confirm this 
explanation.  Measurements were mnde to com- 
pare (he response of the two halves when the 

Following the decision   to  use a balanced    polariiation of a horizontally incident wave was 
dipole system, an array was set up with bal-    varied. With vertical polamation, the response 
anced two-wire lines connecting each antenna    patterns  of   the   two   ant-nnas   were   nearly 

w   too    KO 

FMDUIHCI   I"  ■CHUTM.fl 

FlOU« IT.    Grnin of V-l array cinnp.red to hyptv 
HiBticsl Uotropic oc nondirecliormi unWnna. 

**     V-l Array Used H Direction Finder 

to the switch, and a twin-conductor lead from 
the switch to the receiver. The performance 
of this system was fair, but it was obvious that 
there was considerable signal pickup due to the 
dipoles and feeders responding as a unit to 
fields between them and ground, and that it Zaiion 

would be necessary to install the equivalent of 
a balanced and electrostatically shielded trans- 
former. A suitable design was selected, utiliz- 
ing resonant lines; the principles of operation 
and   design   formulaB are  given  below.    One 
transformer was placed behind each screen at    #;?&„, when the 

identical; slight differences were attributed to 
the outputs resulting from the E,.r component 
of the ground-reflected wave, adding at differ- 
ent phase angles to the respective fltM voltages 

the two antennas. When the plane of polari- 
*-otated clockwise as viewed from 

, the reaponse of one increased, and 
the other decreased; counterclockwise polari- 
zation produced the opposite effect. This effect 
was found to depend on the angle lietween the 

of  propagation  and  the  normal   to  the 
s faced the » I, the 

the point where the dipole transmission 
pass through the screens. Rejection ratios (cor- 
rected for curvature of receiver input ■•H.fiuit 
char»«eristics) measured prior to the installa- 
tion of these transformers were approximately 
10/1 at 160 mc, and 5/1 at 300 mc. The use of 
the transformers improved the ratios to about 
40/1 through the frequency range. The mea- 
sured maximum polarization errors before s" 
stal'«tion 

effect was a minimum. 

Eii'fKCT OF SUPPORT POLE 

An element of dissymmetry appeared to be 
the support pole, and it» effect was next in- 
vestigated. The transmitter was polarized hori- 
zontally, and its output increased sufiicicnüy 
to produce an output in the receiver. With this 
condition, standing waves were noted along all 

ere approximately 50-, and these the edges of the screen, except in the vicinity 
reduced bv a factor of two through the    of the support pole. The edges of both screens 

. * *    Th» «.mBinii.ij errors    were then insulated from the pole to obtain a 
more symmetrical potential distribution. A 
decided improvement resulted; the response 
patterns were more nearly alike, and the polar- 
ization errors reduced. The same effect was 
observed with the differential connection be- 
fore insulating the screens, but while the two 

use of the transformers. The remaining errors 
were considered too high, and further studies 
were undertaken in an attempt to obtain a re- 
duction. 

The errors mentioned were noted when the 
system operated as a switched-lobe direction 
finder, that i«. one in which amplitude com- 
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lobes of the paltorn usiuir this mauKtioa 
dlBQCed in relative she, the position of the 
null rfmaintd siilialant.Hily uiichunscd. With 
the screen insulated, the resultliiK pattern 
was nymmetrical reirardleHs of the polariiation 
of the transmitter. 

Similar observalions were marte on the V-2 
array, but th( vlhul of inaulaling: the arreens 
was much less pronomitiHi; first, because in 
the bearing position the i'ormala to the screen 
lie more nearly alonp the plane of propagation; 
anil second, because (he higher gain of the 
array provides better discrimination against 
reradiatinn effects due to horuontally polarized 
cumpoitentH, 

Figure A shows the V-l array before the 
screens were insulated from the shaft. The in- 
»ulating block» may be seen in Figure 18 which 
show» the final V-2 array. 

•* V-2 ARRAY 12 OIPOLKS PKR 

HKFLECTOm 

The V-2 array is similar to the V-l in prin- 
ciples of operatiot.. the major point of depar- 
ture being the use of a broadside array of two 
dipules on each reflector. Conaequently the 
general diacusfiona covering the V-l anay are 
applicable here. 

The use of two dipoles as compared with one 
per screen is advantageous  in a  number of 

respecls. The gain is increased through im- 
proved directivity in azimuth, while the verti- 
cal directivity remains unchanged; the differ- 
ential sensitivity is higher; pol a ri Kation errors 
are reduced; the size of the array is substan- 
tially unchanged. Figure 18 is a view of the 
V-2 array with the edges of the screens insu- 
lated from the shaft. 

Experimenial Vork 

The first array studied had a spacing be- 
tween the line of dipoles and screen equal to 
2g.E cm, the same as was uaed for the V-l 
array. This spacing was maintained through 
the tests and was considered to be an optimum 
from the standpoint of gain and impedance 
characteristics, although more latitude is avail- 
able in this array than in the V-l array. The 
distance between the two dipoles "f a screen 
was made 66 cm, or approximal cly one-half 
wave near the middle (225 nie) of the frequen- 
cy range, A set of ü[>erational data was ob- 
tained including polar patterns, putarieation 
errors, and gain. The data indicated that this 
array was considerably superior to the V-l 
array primarily because of the improved direc- 
tivity in aiimulh. To increase the directivity 
further, the spacing between dipoles waa in- 
creased to 86 cm, representing a half wave- 
length at 175 mc. without changing the screen 
dimensions. Observations were made with this 
spacing, the maximum that the screen will ac- 
commodate and still have the required one- 
eighth wave projection beyond the dipoles. 
Further increiiae is not usabie. since the spuri- 
ous side lobes at the high-frequency end be- 
come troublesome. Comparative data on the 
V-l. V-2 (6C em), and V-2 (86 cm) arrays «re 
considered in Tables 1 and 2. As in the V-l 
array, both switched-lobe and differential oper- 
ation were investigated. 

*■*■,       Relative  Re spun se  in  Asinulh 

Polar diagrams showing the relative asl- 
muthal response for one-half of the V-2 array 
with 86-cm spacing are given in Figures 19 
and 20 for 15C and 300 mc, respectively, at 0° 
elevation. The increased directivity over the 
V-l array is clearly evident in these diagrams. 
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The directivity increaaea with frequency over mum directivity occurs at the low-frequency 
the range illustrated; this is in opposition to end. Response diaKrams for 66-cm »pacing are 
the behavior of the V-l antenna, where maxi-    not given; these «re very closely similar to the 
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one« ahuwn, but «re aliKhtly birmdur. The pren- 
ent iliagrams were oblained Iwfore thü SL-reen 
an^le« werf adjuslecl (or the optimum iiiwiitbn. 
Thin may be noted in the SDO-mc diagram 
wlicic the response on bearing i* too low. The 
patterns should, therefore, be rotflled approxi- 
mately 6'- toward th» Kero azimuth line to tor- 
respond to optimum seltinje. The relativi; re- 
flionse in elevation for the lübe-nwitching con- 
nection Is jtiven in Figure 11. 

*'*'* Impedunre l.lmruelrrihlii-- 

Fijfure 21 is a plot of the impedance charac- 
teristics of the V-Z array at the blluced- 
unbalanced transformer, and includes the effect 
of the latter,  as  well as  of the transmission 

PVR  ltKH.E»:T»Ri 7T 

lion«.    (The   latter cnnneclion   ia more fully 
liiscuswd later in Ihi« chapter.) These were 
obtniiieri ivith a lilted dipole transmitter. The 
lilt in this test is always about a horizontal 
line lying in the plane i,f incidence, i.e., the 
dipole always lies in a Vertical plane normal to 
the plane of inddence. and, therefore, the Er 

i-omponenl of the downcoming wave is less 
than the /■;„ component at elevated angles. The 
ratio of the two is nearly proportional to the 
cosine of the angle of elevation; i.e.. unity at 
horizontal incidence, and dropping to 0.8-T ui 
84* elevation. It in to be noted that the (infer- 
ential connection is better by a factor ol three 
or four to one compared to the cor respond in/ 
«witched-lobe array in regard to polarization 
errors. Nevertheless, the errors of the V.2 ar- 
ray using Hfi-cm spacing between the dipoles 
are quite low for Iobe-awitching operation. For 
rapid comparison. Table 2 lists the maximum 
errors found in Table 1. 

It is evident from these tables that there ia a 
progressive improvement in polarization error 
performance as the aiimuthal directivity Is in- 
creased. Consequently it is reaaonably aafe to 
predict that atill greater Improvement is pos- 
sible if arrays of greater directivity are used. 
Because of size, their uae would probably be 
limited to permanent or semipermanent instal- 
lations. It is pertinent to observe that as a 
result of increased directivity, searching be- 
comes more difficult, since high response is 
limited to a nsrrowcr azlmuthat sector. Exces- 

lines between  it and the dipoles.   The impe-    sively directive arrays may require the uae of 
dance ia comparatively uniform through  the    subsidiary searching equipment. 
140- to 300-mc frequency range, wilh the reac- 
tive remaining less than the resistive component 
through the range. The geometric mean of the 
minimum   and   maximum   points  is   approxi- 
mately 57 ohms; therefore, standard CO-ohm 
cable may be used without additional matching 
transformers.   The Impedance mismatch when 
using 60-ohm cable does not exceed two-to-one, 
and is considerably less through most of the 

'*'*                 Poiarization Errors '"                   (lain of V.2 Arrav 

Comparative data on polarization errors of Measurements of gain on this array were 
the V-l and V-2 arrays are given in Table 1 for made at both the 66-tm and 86-cm spacing, and 
both the switehed-lobe and differential connec- are given gniphically in  Figure 22.   The im- 
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provi'metit obüiiiied by the widtf wpncinif i« 
IMriMt at the low-frequpnfy pnd; at the hijrh- 
(nqnancy emi the »[ipearanee of Hide lobes 
limits the possible Impt-evcmeMt. As in the case 
of the V-l arrfty, the utandard of t-omparison 
in the curveH in a nundirectional or isotropic 
antenna. For comparison with a half-wave 
dipole in free xpace. the Ruin take» from thette 
curves should be decreased by 2,14 ilb, 

" KUX ARKAV 
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field i in i pa Rated from a direction /t, at an angle 
^ from the normal to the line joinintr the cen- 
ters of the two doublets, the voltage induced 
In each Is in phase with the field at the doublet. 
If we co .sider the wave front to be plane, the 
arrival of the wave front at doublet 2 occurs 
later than the time of arrival at doublet 1, be- 
cause of the finite velocity of propagation of 
electromagnetic waves. Hence, the phase of the 

induced voltaße in doublet 2 lags the voltage in 
doublet 1 by rij\ where J- is the additional dis- 
laiKe traveled, and li is the phase constant of 
free spate, equal to 2« A, A being the free space 
wavelength. It is convenient to refer phases to 
the field at 0, the center of the line joining the 
two doublets. Then if d is the distance from 
this center to either doublet, the voltage in- 
duced in 1 leads the Held at 0 by an angle 2x1 
sin <>/A, while that in 2 lags by the name angle. 
A vector diagram Is shown in Figure 24, where 

t■*, Theory of Operation 

The principle of operation of the fiat array 
In which the directivity pattern is shifted in 
azimuth by a change in phase of some of the 
elements may be readily seen from the follow- 
ing considerations; If in Figure 23 we have 
two electric doublets, t and 2, in a radiation 

FlOIRK 2t.    Verlor illBfrai volUge*. 

B, la the field at 0, V, is the voltage induced in 
doublet I, and V. the voltage in doublet 2. 

Either the vector sum or difference of these 
two  voltages,   which are also shown   in  the 
diagram a» V, and Vttu, may be utilized. The 
salient fact revealed in this diagram is that the 
aum voltage is in phase with the field at 0, 
while the difference voltage is displaced 90^ in 
time-phase from both E., and the sum voltage, 
for 
and 

cjual  magnituile 
F,. 

tomponent oltages  V. 

1', . 

whe 

».K^)-'-K¥-0] 
re k is a proportionality factor.  Therefore 

rJa - J3k£, i 

.{¥-) 
»(¥-)• 

The sum voltage is thus real, and in phase 
with the field ff„ while the different voltage is 
imaginary, and therefore displaced 90° from 
E.. r.nd !■.„„,. 

CUNFIDKNTIAL 



H.AT   .HIIAT HI 

Typical direclionai pntterna fur the difTcren- 
tiiii and additive cases are shown in Figure 25 
B and C for the case of spacing between Ihi: 
doublets of the order ol a half wavelength. 

In the differential case, the resultant voltage 
is zero when .,-. \s zero, while in the additive 

since this latter is in phase with the electric 
field, the induced voltage is displaced 90° in 
phjise from the electric field. The senne anten- 
na voltage is in phase with the electric field. 
Or. alternatively, the vertical members of the 
loop m«y be considered electric doublets, differ. 
entiaily connected by means of the horizontal 
member;, yit'lding the name result. 

The use of a   reflector behind the line of 
donblels removes one lobe of the response pat- 

.■uMngv patl 

case the voltage is a maximum. In both cases, 
there is a reversal in phase where the resultant 
passes through zero. The axes of maximum 
response for the two cases are displaced from 
each other BO* in azimuth. A 90° phase change 
introduced in the output of either one or the 
other will bring corresponding iubes in phase, 
but will not change the space pattern. There- 
fore the voltages from two pairs, one additive, 
and the other differential, may be added, and 
the resultant space pattern will be rotated in 
azimuth. In Figure 26, A shows two such pairs, 
disposed along the same line; at B is shown 
the pattern of the differential pair, with an 
advance In phase of 90' introduced in its out- 
put, while at C the sum pair is shown un- 
changed. The resultant pattern at D has ita 
line of maximum response along a line inter- 
mediate between the lines of the individual 
maxima. If we consider the axis of the sum 
pattern as a reference direction, then the re- 
sultant pattern has been rotated clockwise. 
Obviously n reversal in phase of either pair 
will rotate the resultant counterclockwise by e 
like amount. 

It is interesting to observe a close similarity 
between tile action of this system and that of 
switched cardioids, ohtained, for example, by a 
loop and sense antenna. In the latter case the 
voltage induced in the loop is proportional lo 
the time derivative of the magnetic field, and 

■mdl 26.    UirPCtJonal  pullern« of two HtH at 
ouWetB in Jinn with volt»«« of different!»! pair 

tern, leaving one point of intersection when the 
pattern is alternately rotated clockwise and 
counterclockwise. This intersection represents 
equal response to the same wave by each array 
and may be used as a bearing Indication. 

'" Physical Arrangement 

The actual collector system developed follows 
basically thip scheme outlined above. Since a 
wide liand is covoi-ed by the antenna system in 
question, quantities given in terms of wave- 
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leiiKlh refer to the wavelength at the arithmetk 
mean frequency unless otherwise apecifled. Fig- 
ure 27 i« a achematie diftgram of the array. 
For reasons of symmetry, one pair of dipolei 
is placed between the dipole« of the other. On 
the (inure, the outer pair, spaced one wave- 
length, are differentially connected, while the 
inner pair, spaced A/2 apart, are connected 
additively. Alt dipoles are placed 28,5 cm, or 
approximately A/4 from *,he reflector at 260 
mc.   Balanced feeders run from each dipole to 

screen, and through the screen to the 
»witch or transformer, as the case may 1». 
Switching may be accomplished in either pair; 
in the linal experimental model the outer pair 
were switched. The feeders to the outer pair 
exceed in electrical length the ones to the inner 
pair by approximately A 4 to introduce the 
phase lag of 9ÜÖ required. 

Choice of Eiei-trical Etctnenls 

Toe over a two-to-one freijuency range aatia- 
factorily. the electrical characteristics of the 
various elements making up the array must be 
carefully chosen. Brief considerations will in- 
dicate the large number of parameters, each of 
which Individually alfects the performance, and 
many of which are interdependent. Theoreti- 
cally, for nondirectional "point source" ele- 
ments, the array will produce an ideal direc- 

tional pattern hi. ing no spurious response 
loben when the phase shift introduced artificial- 
ly Is exactly 90,; and the amplitudes Mti'iMd 
from the center pair and outer pair respectively 
hear a ratio of two to one. Since it was con- 
sidered undesirable to control the relative am- 
pliti des of the two pairs, investigation indi- 
cated that good results could be obtained with 
a one-to-one amplitude ratio, allowing the ideal 
90" phase shift to change with frequency from 
BO" at the low-frequency end, through 90" at 
the center frequency, to 120" at the upper end 
of the frequency band. Limiting the phase shift 
to this range of values and maintaining a one- 
to-one amplitude ratio through th frequency 
ränge, presupposes resistive dipole elements 
matched to the transmission lines, with no mis- 
match at the junction or other points of the sys- 

Reference to dipole impedance characteris- 
tics. Figure S, obtained during the development 
of the V-l antenna system will show that it is 
impossible to obtain a unifonn resistive charac- 
teristic over the frequency range. White quite 
good standing-wave ratios are obtainable using 
one or more dipoles feeding suitable lines In the 
V-l system, where phase shift is of secondary 
consequence, in the present case, where spuri- 
ous phase shifts may make the s.vstem inopera- 
tive, attention must be given to all factors 
which can contribute to phase and amplitude 
variations. Since the presence of mutual radia- 
tion impedance between a dipole and its image, 
and between two dipoles tends to increase the 
variation, over a range, of the total impedance 
of a dipole, »pacings between dipoles and from 
the reflector must be chosen to keep these 
mutual impedances at as low a value at the 
lowest frequency used as is consistent with 
other requirements. This means that spacings 
between dipoles and from dipole to screen 
should be large in terms of wavelength «t the 
lowest frequency used. 

Conflicting with this requirement is the 
phenomenon of spurious response lobes ap- 
pearing at the high-frequency end of the band 
when spacing« are of the order of one wave- 
length or more. The choice of these spacings 
must therefore be a compromise based on these 
two limiting factors. 

ccmneeimAL 



For the namv reasons, the Helf.impedance of 
the dipoiea should be 11« uniform as pOHsible 
and eflaentially reaidtive. The dipole length to 
diameter ratio (7.5/1) UHed in the V-l syslem, 
offers a fair approximation to the idea! con- 
dition. A better approximation is not possible 
without increasing the diameter to a size con- 
sidered excessive for portable use. For flued- 
station direction Anding, however, modifica- 
tions along these lines should produce » col- 
lator system capable of more uniform per- 
formance through a two-to-one frequency band. 

TRANSMISSION LINES 

At the center frequency, the transmission 
lines to the outer pair exceed the inner lines by 
nearly one-quarter wave in order to produce 
the required phas" shift. As outlined previous- 
ly, the ideal phase difference is 90°. A quarter 
wave excess in tranmission lines produces this 
phase difference when no impedance mismatch 
occurs in the system. When terminated by ac- 
tual dlpoles, however, whose impedance varies 
through the band and is partly reactive except- 
ing at a few points in the band, this condition 
does not hold. Further, the quarter-wuve excess 
produces a transformation in impedance in ad- 
dition to that occurring in the shorter line. 
Therefore, at the junction point, the impedance 
presented by one set of lines, terminated by its 
pair of dipoles. is generally different from that 
of the other. As a result, both the phase and 
amplitude of the two currents ir the load are 
modified by an undeaired amount. This last 
factor should, however, he qualified to this 
extent, thai the amplitude modification may be 
in a direction lo approach a two-to-one ratio, 
which is preferable to the one-to-one ratio, and 
also, when operating away from the center 
freyuency, where the nominal phase shift is 
more 01 less than 90", the change may tend 
toward the 90" value desired. Both, of course, 
may move in the wrong direction. A result 
which is unqualifiedly desirable is that at the 
center frequency, the impedance transforma- 
tion of the lines to one pair of dipoles is the 
inverse of the transformation in the lines to the 
other'pair, referred to the characteristic im- 
pedancr. of the line. This means that the re- 
actances are of opposite sign and at least par- 
tially cancel.   Off the center frequency, while 

the transformations are not exactly inverse, 
they are nearly so, and reactance cancellation 
still occurs. The impedance of the system as a 
whole consequently has small phase angles 
through most of the range, as shown in Kig- 

nCOUCHCT- MtOiCYCU» /sec 

Fini'SE 2S.    Flat u mpeilincr charaFttirliili 

These considerations should make it evident 
that in addition to the excess line in one 
branch, the characteristic impedance and total 
length of lines must be properly chosen. The 
number of impedances available in standard 
solid dielectric low-loss high-frequency lines is 
limited. The lines used have an «ffeclive im- 
pedance that approximates the geometric moan 
of the impedance rang^ of each dipole; this 
minimizes the variation of the transformed 
impedances. The total length of lines should 
be kept as low as possible to minimize losses 
and undesired pickup, with this reservation, 
however, that they should be so »elected as to 
avoid quarter-wave transformations at points 
where the dipole impedance departs farthsst 
from the characteristic impedance of the line. 
This is particularly the cane at the low-fre- 
quency end of the band. Should a quarter-wave 
transformatioi, occur here on one of the lines. 
the other may be near a half-wave transforma- 
tion point; the latter will remain substantially 
unchanged, while the former will he raised in 
impedance by a factor of perhaps three or 
more. If this happens to be the center pair, its 
output current will be reduced by a factor of 
three or more, thus departing by a factor of 
six from the ideal two-to-one ratio. 

The physical disposition of the elements of 
the array  sets  a  lower  limit on  tht   usable 
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lenjrth of tranntnisiiJoii lines. This minimum is 
somewhat more than one meter frum the tvana- 
former, through the gwitch, to each outer 
dipole. Since the velocity of propaitatioT in the 
50-ohm polyethylene cable used is approximately 
64 per cent of the velocity of liifht in free 
space, the actual electrical lenttth is irreater 
than the mechanical length l>y a factor of ap- 
proximately 1.6. For this reason, air dielectric 
lines could possibly bo uaed to advantaere. 
Furthermore, the attenuation factor of air di- 
electric line» i» eenerally lower, and more lati- 
tude Is available in tne choice "f characteristic 
impedance. Due chiefly to the ease of adjuKt- 
ment to leuath, the experimental work on this 
array was completed using tmly the solid di- 
electric cable mentioned.   Tlie actunl  lengths 

used are «iven in Figure 29. The electrical dif- 
ference in length ia approximately 77°, thii 
flgure producing the best performance through 
the ranve as determined experimentally. A 
word of caution is appropriate at this point 
concerning line lengths. Should it 1» desired 
to duplicate this array, the electrical length of 
the lines must be accuiately set. While not 
critical the adjustments should be made to 
within % cm or less. The velocity of com- 
mercial cable varies between different runs. All 
commercial cable ?hould. therefore, be meas- 
ured, and cable preferably from the same run 
be used on one array. 

BALANCED-TO-UNBALANCEP TRANSrOBMER 

The transformer for converting the balanced 
system to unbalanced feed is similar to those 
used in the V-l array. A single transformer is 
quite satisfactory. While reactance cancella- 
tion by means of a half-wave series line is pos- 
sible as in the case of the V-l array, it may be 
omitted here with very little change in overall 
performance. The reason for this is that in 
effect four dipolea are paralleled (after impe- 
dance transformation by their individual lines) 
at the transformers, resuHing generally in A 
lower effective impedance than the individual 
dipolea have; the characteristic impedance of 
the quarter-wave transformer lines* is high in 
comparison with this, and is Increased by a 
factor equal to the tangent of the phase length, 
so that the effective shunt reactance is high. 
resulting In a low equivalent residual series 
reactance. 
REPLECTOB DlMENSlONH 

The dimensions of the screen used for this 
array are 120 cm high and 188 cm wide. The 
spacing between adjacent vertical elements is 
the same as used in the V-l array, namely, 
about A/20 at the highest frequency covered. 
By substituting fine mesh high-conductivity 
screen, this spaHng was found to be adequate 
in that array. The overall aiie is about the 
minimum that can be satisfactorily usid. Rome 
improvement in gain at the low-frequency end 
Is possible by increasing the reflector site. For 
sizes smaller than used, the pattern broadens 
considerably, resulting in lowered gain. 

RELATIVE BESPONBE IN AZIMUTH 
The performance of this system compares 

favorably with that of the corner type using 
an array of two dipoles per screen. Reflponse 
patterns for the flat array, at UO and 300 mc, 
are given in Figures 30 and 31. While the pat- 
terns exhibit considerable variation through 
the band, as compared to the corner type, the 
intersection points of overlapping lobes arc 
satisfactory. The adjustment of the system in 
this respect is very much more restricted than 
in the V type, where a mere change in the 
screen angle changes this InfWKC*,!" pnint 
While at any one frequency the pattern may 
be changed "Ver wide limits by adjustment of 
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the line lenfrths, this process ulso charms the    IMPEDANCE CHARACTERISTICS 
pattern through the rest of the ranice in ■ 
ferent manner.  The intersection points shi 

be considered fixed, unites variable controls are 
incorporated in the system, and this was ruled 
out in setting the preliminary scop^ of work. 

As indicated above, the approximately In- 
verse transformations occurring in the trunx- 
mission linen to the outer and inner dipolca, 
produce a comparatively high degree of reac- 
tance cancellation. The resulting impedance of 
the system, as seen at the transformer, and in- 
cluding' the ciTect of the tatter, is quite uni- 
form, and has small rhase angles through most 
of the range. Reference may he mad' to Fig- 
ure 28, which gives the impedance and the 
resistive and reactive components through the 
frequency range. 

GAIN OF THE FLAT ARKAV 

As may be inferred from an examination of 
the relative response patterns, the gain of the 
flat array is less uniform through the band 
than the gain of either the V-! or V-2 arrays. 
The variation is cyclic, but Its magnitude is 
not large enough to be serious.  Figure 32 give» 

S'OLAKIZATION FURORS 

The polarisation errors of the flat array are 
quite low. The method of presenting polariza- 
tion error data is the same as used in the V-l 
array. On each graph showing the error under 
various conditions is placed a curve showing the 
horuontal-to-vertical fleld ratios through the 
range of elevations used. The maximum error 
observed at 150 mc is 6.5 ; at 300 me the maxi- 

the gain over the range, compared, as in the V 
arrays, to a nondirective, or isotropic antenna. 

Lparison with a half-wave dipole in free 
space, figures obtained from this curve should 
be reduced by 2.14 db. 

" SITTCHISG AND INDICATING DEVICES 

*J''1 Switches 
To switch between antennas of the V arrays 

and to obtain the required phase reversal in 
the flat array, a motor-driven «witch was 
developed that has electrical characteristics 
similar to the transmission lines so that dis- 
continuity of impedance and the resulting re- 
flections itre minimized. The desired charac- 
teristics are obtained by adjustment of capaci- 
tance per unit length to the required value. 

CONFIDKVmi. 



flfi I'LTBA-HICH-FBEQUEWCY  DIlEmOW-nNIHNC  STUDY 

The type of Hwitch employed is ahowr in 
FijTure 33 and conslits of two moving contact 
memberB and tour fixed contpcU. The movinit 
conUicU are driven through an eccentric ball- 
bearing race. The fixed contacta are adjuatable 
HO that adjustments may be made which permit 

closing the r-f section before closing the meter 
contact«. Adjustments are also possible which 
permit opening the r-f circuit before the indi- 
cator ciicuit. This arrangem it was found nec- 
essary to eliminate transient! in the meter be- 
cause of the antenna makc-and-break. The bear- 
ings of each moving contact afe clamped in 
rubber pads between bnkelite blocks in order to 
minimize chatter. 

Previous experience in the construction of a 
switch for similar fumtionB showed that the 
selection of the correct contact material was 
important. Silver, gold, iron, and several other 
metals and alloys proved unsatisfactory where 
extremely low r-f currents were to be broken, 
even though fair contact pressure was avail- 
abli and the contacts were mechanically wiping. 
The most satisfactory material found, and one 

which operates fo' long periods without trouble 
from varying reaistanire, is rhodium. 

As used on the V array the switch consist« 
of two sections. The first section switches the 
leads from each side of the array to the receiver 
line and simultaneously disconnects the unused 
half i' the array and grounds it by means of 
back contacta. The second section of the switch 
consists of a mechanically simitar unit con- 
nected to operate as a "ingle-poie single-throw 
switch to couple the receiver output to the indi- 
cator bridge. 

When used with the fiat array, the first 
section of the switch was modified to become a 
double-pole double-throw unit with the back 
enntarts insulated from ground and utilized as 
shown schematically in Figfure 27. 

The motor used to operate the switch has a 
12-volt univemat winding, coupled to the 
switches through a tcn-to-ore reduction gear. 
Speed is controlled by a Variac in serie» with 
the primary of the supply transformer. Nor- 
mally the switch is operated at a speeci between 
five and ten cycles per second. Limitations in 
the maximum speed are purely mechanical. The 
indicator damping and desired reeponsivenesa 
set the lower limit to the usable speed. 

The shafta of the switch sections are linked 
tofrether through Oldham couplings. These 
allow removal of individual switch sections for 
repair or adjustment and permit proper r«- 
placcmunt of the switch without the necessity 
of resynchronizing, or the reorientation of the 
shafts, since the latter can be reassembled only 
in the desired position. In addition, this type 
of coupling takes up misalignment of shafts. 

The motor leads are unshielded and run 
through the hollow aluminum antenna drive 
shaft without r-f filtering. The r-f interference 
caused by sparking motor brushes appeared to 
be entirely abseni at the frequencies used, and 
no trouble was encountered from this source. 

*" Indicators 

The Indicator used in the majority of tests 
consists of a simple zero-centered, 100-inicro- 
ampere d-c meter having rather high electrical 
damping. The scale is marked off with the 
letters L-O-R, indicating the direction in which 
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the »r/ay should be rotated in order to obtain 
the bearing. 

The connection« to the indicator from the re- 
ceiver and «witch are nhown ichematics!ly in 
Figure 34. The use of the capacitors C, and C, 
in place of a resistor network is advisable a» it 
allows considerable latitude in the adjustment 
of the switch contacts. The dwell periods do 
not need to be equal with this arrangement 
since it operates similarly to a peak voltmeter. 

1 id«® 1. 

Bud swlMh. 

Capacitor C, is used to stabiiiic the indicator 
and prevents the pointer from responding to 
the low-frequency switching rate. With this 
type of indicator it is necessary that the re- 
ceiver furnish an audio-frequency output that 
in turn is rectified by the rectox unit. A beat- 
frequency oscillator in the receiver would be 
desirable to furnish the audio frequency, but 
due to the inherent instability of the receiver 
r-f oacillator and many of the transmitter 
carriers operating at these frequencies, the use 
of a beat-frequency oscillator is limited. The 
particular receiver used is equipped with an 
audio oacillator that modulates the inter- 
mediate frequency and furnishes a ton« output 
from a c-w carrier input. 

When receiving radar, pulsed at audio fre- 
quencies, it is not necessary to use the a-f 
heterodyne oacillator, providing the repetition 
ra!e of the transmitter is sufficient to produce 
a fair amount of a-f output. The direct current 
to operate the indicator could have been direct- 
ly obtained from the a-c line. In this case it 
would not have been necessary to modulate lo- 
cally the c-w carrier but it would have been 
inconvenient in using the receiver for other 
meaauremenu requiring ftxed gain. Although 
methods of indication were not a part of the 
problem, there are several others which may 
be used advimtageoiisly with these arrays, 
These are described below. 

The advantages and comparison of the two 
types of arrays as observed during their devel- 
opm^M may be summarized as follow c; 

The V array, using two dipoles (spaced 86 
cm) per screen, is electrically * satisfactory 
unit possessing good directivity and reasonably 
l<>iv polarization errors which may be further 
improved by careful balance. The directivity is 
not confined to a narrow sector so that there is 
little possibility of lialng a desired signal 
located within a known sector of at leaat 120°. 

The conatruction of the dipoles and trans- 
mission line system is such that an accurate 
balance between the two halves of the array 
may bo readily obtained. This balance can be 
maintained for long periods of time without re- 
adjustment. 

The intersection point of the awitchei. lobes 
may be chosen by setting the screens to the 
desired angle, and this point remains reason- 
ably constant throughout the frequency range 
as the polar patterns are not subject to sudden 
changes with frequency. 

The bearings are sharp, and with interlock- 
ing of the lobes at the angle of 17.5° from the 
lobe maximum, i.e., with the internal angle be- 
tween screens set; at 145°, the bearings are 
repeatable to appi-oximately 'a" throughout the 
frequency range down to a signal input equal 
to one-half the receiver noise, measured at a lobe 
maximum. 

There are no reversals in bearing throughout 
the frequency range and "sense" is therefore 
unmistakable. If a bearing should be obtained 
using the back of the screen, i.e., at 180s, it is 
readily noticed for two reasons; 

1. The action of the indicator is reversed. 
2. The amplitude of the received signal is 

greatly reduced. 
Mechanically this array appears to be best 

suited to locations which are remifixed in 
nature and where space is not of great impor- 
tance. This is due to the wide turning radius 
required for the 150- to 300-mc array. If de- 
signed for hiirher frequencies, the array size is 
proportionately decreased throughout and be- 
come* suitable for portable use. 

The large array as used during the testa 
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proved somewhat awkward to handle in a hiifh 
wind. This could have been remedied by plac- 
ing the upis of the screens somewhat ahead 
of the aupportinft rotatiiiR member, thereby 
improving the dynamic balance. 

The addition of a 300- to 600-mc array at- 
tached to the back of the large array, forming a 
diamond-shaped »oction as viewed from the 
top, would also tend to improve the balance and 
decrease the weather-vane action. 

The advantages of the flat array lie in its 
smaller aise, greatly improved rotational bal- 
ance, and ease of operation. 

The bearings are shrrp throughout the band 
and may readily be repeated to better than one- 
half a degree, a alight Improvement existing 
between the sharpness of this array at cer- 
tain frequencies and that of the V array. 

The average potariiation error is slightly 
lower than that obtained with the V array, and 
in general, this system appears to be a prefer- 
able type for operation on signala which have 
a reasonable length ot transmission period. The 
reason for this latter qualification is that at 
some frequencies the lobes ire quite sharp, and 
unless the nrray is oriented within a few 
degrees of one >f the lobe maxima, the signal 
may not be picked up, In addition, at a num- 
ber of frequencies there are reversals of Indi- 
cation that are symmetrically located on either 
side of the true bearing. The reversals are 
caused by the way In which the lobes overlap, 
or in some instances do not fully overlap, a 
spurious side lobe. In general, a false indica- 
tion ia readily detected either by the amplitude 
of output, which is relatively weak at the re- 
versal point, or more accurately by reversal of 
indication. The use of the cathode-ray indica- 
tor remove» all ambiguity. 

Since the polar patterns change rapidly with 
changes In frequency due to a multiplicity of 
effects resulting from phase shift caused by 
the electrical changes in spacings and trana- 
mission-line linkage. It is not possible to locate 
the optimum cross-over point of lobe intersec- 
tions at more than a few frequencies. At the 
remaining frequencies the intersectiona fall 
where they mi.y. although with the antenna 
apacings and lines cut to the dimensions shown, 
the performance approaches the maximum ob- 
tainable over the frequency range and does not 

depart grestly from the optimum or desired 
performance except at the higher end of the 
frequency range, where the interaectlon of the 
lobe dropa to an amplitude somewhat below 
that desirable for optimum signal-to-noise 
ratio. The effect on bearing sensitivity in this 
case Is to increase the angular sensitivity to 
the detriment of the radio frequency sensitivity 
as indicated by the calculations for optimum 
performance. 

In eitUr type of array the use of two coaxial 
sl.ieldei! fiexi'Je cables appears to have an ad- 
vantage ovor the more commonly used spaced 
alr-dielcdric twin pairs. This is apparent elec- 
trkally from the good degree of balance that 
may be obtained by »imply cutting to the same 
mechanical length leads that are to be matched. 
The uniformity of cable, of reliable manufac- 
ture, obtained from the same reel, is sufficient 
in moat cases for one to be reasonably sure of 
better than passable matching. This was elec- 
trically measured and checked several times in 
the course of changes and development. It ia 
believed that such r-f cable is adaptable to 
feeders for the elevated H Adcock-type anten- 
na, where strict symmetry and balance are re- 
quired. 

"       COMPARISON BETWEEN DIFFER- 
ENTIALLY CONNECTED SCREEN ARRAYS 

AND H ADCOCKS 

Some data were obtained using the V-l ar- 
ray differentially connected, and the V-2 array 
with each pair differentially connected to the 
opposite pair, the dipoles of each reflector 
being connected in phase. The latter connection 
ia Indicated in Figure 35. This construction is 
interesting because, while it resembles an H 
Adcock, the screen angle ia such that the spuri- 
ous side lobes normally obtained with multiple 
dipoles on a flat array are absent due to the 
fact that at wide angles from the null, one an- 
tenna Is shielded by the screen from the signal 
source and hence the system no longer acts as 
a differential system. 

It Is difficult to make quantitative comparison 
between this differentially connected screen ar- 
ray and the more common elevated H Adcocit 
which it resembles without a sids-by-aide.check 
usinß field-In tensity equipment.  However, it is 
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poasible to indicate certain  generalitie«  and of the lobes does not materially affect the bear- 
limitationg. jng.H- u^ therefore the effect of reradiating 

The type of Adcock to be considered an a obiecta,   located   behind   tho  screen,   can   l>e 
reference ie of the balanced elevated H deniRn tolerated to an increased degree, 
most commonly used on these frequencies. The 
selection of dipolo length and spacing would w     t»    »f    o-    i>cr   »«»•   w 

vary slightly with the designer's choice, but a 
normal unit would have a dipole spacing such 
that, at the minimum wavelength, the spacing 
would not exceed A/2. In any case, the choice 
of spacing would be such that the polar pat- 
terns would not divide into more than two 
lobes. Four lobes, such as wi.uld appear at a 
spacing of A would, of course, be unusable as 
there would be no rapid way to distinguish 
which of the four bilateral minima would be 
correct. Therefore the conventional spacing 
would be such as to give a pattern approaching 
a cosine curve, and might be in the order of 
X/6 to A/2, giving nt the smaller spacing a 
maximum response equivalent to that of a 
single dipoie in free space, and at the greater 
spacing a maximum response double this value. 

If. however, single dipoles of length equal to 
the above Adcock but of suitable diameter are 
arranged at an appropriate distance in front 
of a V screen and these dipoles are differential- 
ly connected, there are three important results. 
First, the gain of the dipoles is increased in a 
direction normal to the screen by a factor of 
approximately 5 db; second, the rt-sponse pat- 
tern becomes unidirectional; third, the pres- 
ence of surrounding objects outside of the field 

It becomes possible to utilize a spacing of 
greater than one wavelength between dipoles 
placed in front of an angle screen and still oh- 
tain only two lobes. There are no lobes on the 
back of the screen, and hence, no "null" or 
balance between lobes in a direction parallel to 

the plane of the screen. Minima exist along the 
plane of the screen, but these cannot be con- 
fused with a null as rotation beyond the line 
parallel with the screen does not increase the 
output. The advantage of the increased dipoie 
separation up to one wavelength or more is 
that the angular aensitivlty is increased. 
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The polar patterns resulting when the V 
array, using two dipoles per screen, is con- 
nected ua a balanced aystem using a differential 
connection between the two pairs are indicated 
in Figures 36 and 37. The spacing between 
dipoles in this case was 1.22A between the 
midpoint of each pair at the highest frequen- 
cy, 300 mc. The angle between screens waa not 
optimum for this use, liut the polar patterns 
illustrate at three frequencies the forward gain 
and indicate the extreme sharpness of nulls 

The forward srain of each pair of two dipoles 
in front of a screen, at an angle normal to the 
screen, is approximately 8 db over the two-to- 
one frequency band when compared to a single 
dipole in frei? apace, \/t long at each frequency 
of comparison. The gain measurements fur the 
pair of antennas in front of a screen are given 
In Figure 22. 

The measured polariiation errors are low 
and are given in Table 1. The tilted-dipole 
method was used in measuriiiB these errors, 
and this may be roughly correlated with mea- 
»urements made with the variable-phase polari- 
zation transmitter by reference to the measure- 
ments made on the lobe-switched V-l array 
where both methods were used. In general, it 
appeared that the tilted-dipole method was 
quite satisfactory at these frequencies, particu- 
larly when the errors were low. Wiien properly 
used it is indicative of the general performance 
to be expected. 

The V-2 array mentioned above is that dis- 
cussed in preceding sections as the V-2 array, 
wherein it was connected as a lobe-switched 
device. The edges of the screens were insulated 
from the supporting pole. Separate balanced- 
to-unbalanced transformers were used at the 
back of each screen and grounding to the sup- 
port pole was made through the shield of the 
coaxial cable leading from the transformers to 
the central support shaft. 

frequency, one connected across each half of 
the balanced line. Where reactance cancelbtion 
is desired, a shorted half-wave section may be 
inserted in aeries with the grounded side of the 
unbalanced tine. The circuit is shown schemat- 
ically in Figure 38, 

If the dipole impedance is taken to be : 
slstive, each half may be represented by i 
The A/4 lines have a characteristic impedar 
2, and input impedance Z,. while the con 
sponding impedances for the half-wave line a 
i. and Zt. The impedance looking toward t 
dipoles at Z is 

r/.M. 

phase length. 
}Z^ tan*, * being the 

" /,'tuna« -f- Ä.' 

If Zx is made greater than Ä4, and 4 is in ll 
vicinity of 90c: 

The transformers used in both the V and Hat 
arrays for converting the balanced dipole sys- 
tems to an unbalanced line arc designed alons 
the same lines. Each consists of two short-cir- 
cuited coaxial sections, A 4 long at the mean 
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■ -'■'.■, 

2ff.' 

Aim Zt - jZ, tan 2* 

and for reactance cancellation— 

j^.t 

2«.' •  /itan 2« - 

ir 21/,' =     • /,/", iHiL*(Kn 

- ■^•t'-*0. 
ABBin, for A in the vicinity uf 9 

1      tan'« ~      2 

value for ^.X,, The shorted half-wave nection 
also assist» in keeping current from traveling 
down the outer conductor of the coaxial down 
lead and may be more desirable for direction- 
flndiug use, wher*; stray fields must be kept to 

The transformers may be seen in Kijture i 
mounted on the back of the V-l array. The me- 
chanical arrangement of the tranaformer is 
shown In Figure 3!). 

(13) 

so that ß," ■• Z, Z.. If this condition is satisfied, 
the residual series reactance introduced by the 
transformer is minimized through a frequency 
range over which the approximations made are 
valid. 

The error due to the approximation 

Z,' tan: * » / (14) 

may be made negligible by making Z, much 
greater than A',,. The practical limitation is the 
large ratio of diameters required in the coaxial 
elements for high Z,; also, Z, increuaes much 
more slowly than this ratio (as the logarithm 
of the ratio). 

The other approximation; 

when made over an effective phase length of 
60° to 120°, corresponding to a two-to-one fre- 
quency range, introduces an error of 33i;i 
per c-.tnt at the two extremes, and. if desired, 
may be taken into account. 

If an open-circuited quarter-wave line IF sub- 
stituted for the half-wave line, the condition 
for cancellation becomes 

Z,i :« -  , 2H,1 

or 2«,' = /.,?.• \*n* cot« 

- X&t. (17| 

This is exact, and eliminates the second ap- 
proximation, but requires twice the previous 

A transformer of this type is the equivalent 
of an electrostatically screened transformer. 
and prevents a balanced system from acting ax 
a grounded antenna, that is, it prevents a 
dipole from responding as a unit to a potential 
gradient between it and the ground. It enables 
the system to be balanced by merely establish- 
ing balance from the transformer to the dipole; 
the unbalanced line fram the transformer to 
the receiving equipment does not, of course, 
require such treatment. 

Thd reactance cancellation line may be omit- 
ted under certftin circumstances. If the resul- 
tant impedance of the antenna circuits, as seen 
at the transformer, is hw, the transformer 
characteristic impedance may be made suffi- 
ciently high with reasonable diameters of the 
quarter-wave elements so that the residual 
series reactance introduced may be negligibly 
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«mall, CorapenBation under these circum- 
htances would hardly be juBlitted, in view of 
ihe fact that the antennu impedance ia itcelf 
partially reactive, and may contribute an ap- 
preciably larger reactive component than the 
transformer. 

«'•       DETERMINATION OF GROUND 
CONSTANTS 

To obtain the magnitude of ground reflection 
otfectH required for the correlation of polariza- 
tion error data, a number of methods of mea- 
RuremenU were reviewed in the literature. The 
normal incidence method develrped by Mc- 
Petrie' appeared to 1» the most likely to yield 
accurate results. Essentially it consists of set- 
tijiB up a Held from an elevated source, and 
sampling the standin? wave pattern set up by 
the direct and ground-reflected waves at nor- 
mal incidence. The ground constants may be 
deduced from the data BO obtained. 

Primarily because of the special setup re- 
<iuired for this method, a comparatively aimplp 
laboratory method was developed, more suita- 
ble lor the available facilities. The results ob- 
tained ahow good agreement with published 
dida on the ground constants in the vicinity of 
the test site, aa well as with oblique incidence 
field-in ten«! I y measurcmenta made during po- 
larization error investigations. The decree of 
correlation may be observed in Figures 14 and 
16, where the measured standing wave pattern 
is sho^n with the pattern calculated on the 
basia of the measured ground constants. 

The method employs a short section of coaxial 
line as an extension to a slotted coaxial mea- 
suring line, both having the same transverse 
dimensions, and consequently the same chamc- 
teristic impedance with air as dielectric. Pt-t- 
vision la made foi' either open or short circuit- 
ing the end of the extension. The input im- 
pedance of the extension is measured, when a 
sample of the ground in question is substituted 
for the air as dielectric, for the two conditions. 
The impedances ao obtained may be repre- 
sented as follows: 

The characteristic impedance of the extension 
then: 

■• „„„„,i " Z». Z„ 

I X. II z.. I/<- + »» 
- j Z^Z., | [coi (»„ + O + ;sin («„. + «„)] 

(20) 
«r + fm (21) 
where Z„,   =   open-circuit impedance, 

Z.c -- ühort circuited impedance. 
Assume a harmonic plane wave propagated 

longitudinally along the coaxial line. The Held 
components are transverse; £r is the radial 
electric fleld and //. the tangential magnetic 
field, aa in Figure 4Ü. The other fleld compo- 
nents are zero. 

I ZK | /A. 

(18) 

(19) 

The ratio of the electric to the magnetic field 
of a plane wave at a point is the intrinsic im- 
pedance of the medium for plane waves: 

-i/.-ffc (22) 

Here />, *, », are the permeability, permittivity, 
and conductivity, respectively, and ■ the angu- 
lar velocity. 

To obtain the relation between the intrinsic 
impedance of the dielectric and the charccteris- 
tic impedance of the line, the longitudinal cur- 
rent and the transverse voltage are required. 
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The lontritudinal current is 

II -fll ■ d«. 

Because of circular symmetry, H. U indep«n- 
dent of B; then, along a circle of radlm r, «ince 
H. lies aiong the circle, 

/i. 'f 11*1». CMI 

Since H. is constant for a given r. 

- IU2wr). {-m 

If the conductivity of the inner and outer 
cylinders is much greater than that of the di- 
electric, the current enclosed within the path 
of integration (r, < r < r) m(ty be assumed 
to flow entirely on the inner conductor. Equa- 
tim (26) therefore gives the longitudinal cur- 
rent on the inner conductor. 

The transverse voltage between the outer 
and inner conductors is defined as the line 
integral of the electric field between the con- 
ductors along a path lying in a tranaverae 
plane.  A radial path is most convenient: 

-/ K ■ d». (27) 

Since E and d« are both directed aiong a 
radius, it follows that 

VT-fy.r<lr ,28) 

from {2«, u, . ^ (30) 

Bulwiilutinn (30) in (29) 

Mibatiluting (at) In (28) 

The characteristic impedance of a line is 
defined as the ratio of the tranverse voltage 
to the longitudinal current.  Hence 

Vr l,,K r,1 

f.    " & * «    2",    ' ^ 

This is the required relation connecting Zr 

and Z. The characteristic impedance of a 
coaxial line is thus given by the product of a 
geometrical factor and the intrinaic impedance 
of the dielectric medium. If two dielectrics, 
air and ground, are compared in a tine of fixed 
geometry, 

Z,,. *<,.„. (W) 

Here the subscript g refers to ground used as 
dielectric, and 0 to air dielectric. 

ZTMÖ 

I "*. 

S' 
If the permeability of the ground is taken to be 
equal to that of air or f ree «pace, 

For free space, o ~ 0, 

■-/^ 
Thus far mka units have been used. The equa- 

(32)    tioI, for converting ( to electrostatic uniU is 

For .onveiling D to electromagnetic units the 
following equation applies; 
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Mukinit these convertiioM, noling that «, = 1 
in esu and droppins the subBcripts g and 0, 

The quantity under the radical i» known « 
the complex dielectric constant, and may I 
reprt'tented au >' — yi". 

and from equation (21) 

rZJw . tZJw 

where the values of r and JT are to be obtained 
from equation (20). 

Equating the real and imaginary parts: 

i7..\ 
[48) 

s found to bo equal to 
mu for the ground at 

Using this method, 
10. and « 8,BX 1 
the teat fllte. 

Care muat be exerciaed in packing the earth 
into the line extension to maintain the same 
density in the actual and measuring conditions. 
Repeated measurements indicated practically 
constant a, while «' showed some variation 
depending on the moisture content of the earth. 
The value of 10 may be taken as representing 
average conditions. 

*"    IMl'EUANCE OF A CYLINDRICAL 
DIPOLE BEFORE A REFLECTOR 

As indicated above, considerable variations 
were encountered between the measured impe- 
dance characteristics of the dipoles used on the 
V-I screen and the theoretical characteristics 
based on prolate apheroidai dipoles as given by 
Stratton and Chu.1 Certain other treatments 
of the problem were examined in an attempt 
to obtain better agreemenl between experimen- 
tal data and existing theory. 

The values of self impedance obtainod from 
Hallen's fonniilaM as given by King and Blake.'1 

and King and Harrison, and the values we 
calculated from the formulas of Schelkunoff," " 
were compared to the experimental vaiuea of 
impedance obtained on the V-i array. The 
latter is the impedance in the preaence of the 
reflector; corrections for the mutual impe- 
dance between the dipole and ite Image were 
to be applied on the basis of the theory de- 
veloped by Brown.1'1 

The values of self resistance based on 
Hallen's formula were found to be too high; 
result» obtained from Schelkunoif's formula 
showed better agreement, but not good enough 
for engineering purposes; a correction" for the 
concentrated capacitance in the vicinity of the 
gap brought this theory into much closer agree- 
ment with the measurements. It may be men- 
tioned that a modification of Hallen's solution 
by Gray," yielda better results than the origi 
nal, hut not aa good as Schelkunoff's. A com- 
parison of the latter with our measurpments 
Is made below. 

The self impedance of a cylindrical dipole is 
given by; 

%M  " 

Zm - 

njW+jil.V, -AtajOVanffl -\t. -/,12tf/)|wy^l 
r2^iWn^ + f.Y,+/,'2((i))c«i,«   jK, cosfd 

wir imprdann' 

terminal resistaiioc 
(lorina^-faOlC+l" ,äf -2 Ci 2*+Ci 4#) 

oos -Z» + 'Mi (»i 431-2 Si 2(tfl »in 2fl/ 
torminal rraulanoo 
(iOSi 201 + %! (Ci If 

/,(2^1 ■ 0ö(8i 2ßl 

\t 

2» 

i<,ßi-c: 
-30 si 4 

- 2 sin" #) 
ißlooalßl 

, • svavolenglli 
! - half letiKthof .iipolt- 
1 - radius of dip* 
) ^ ooaino iuteRfol fnnciicm. tabulaleii " 
) = nine intonral (unction, t;ibulate<l "■' 
).C + ln( )-<a( ) 
C- Kulur'scoiislaiU (-0.5772) 
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The resistive component of the felf impe- 
dance is: 

'   £   *,!/,. + //.«Ml! 

+ V'2#|| sin -'öl + [fcWm U2ßl)  -«Jfrf- 
^   23i   +   i.V./>(2Ä) 

D  -   («i K)1 4-   \\Z, + /..a»«!) «in ^ 
+ \x, + /,(2a/)| cw a/I'   (H) 

Figure 41, curve a. is a plot of the resistive 
component of the free space inpul impedance 
of the ('ipole used in the V-l array, an obtained 

from equation (50).   ' 
for a gap capacitance of 2.0 ^f is sho-* 
curve b, while values of the measured > 

tanee are given in curves c, d. and e or spac- 
inflrs from the reflector of 33. 28.5. and 24.2 cm 
respectively. Curve It is in good qualitative 
agreement with the measurements. The out- 
standing ditt'erences are (he downward ois- 
placement along the frequency acale of the 
esperimentai curves, and the relatively high 
maximum value of the theoretical tune- Better 
agreement is possible if a decrease in velocity 
of proi—nation greater than predicted by the 
theory is assumed. 

The corrections for mutual impedance were 
not applied to the theoretical curves, as the dis- 
crepancies between the latter and the experi- 
mental curves are of the same order at magni- 
tude as the corrections involved. To test the 
applicability of the mutual impedance theory 
to dipoles of the proportions used, Ihe reverse 
process was adopted. Starting with Ihe three 
measured resista- ce curves of Figure 41, the 
three corresponding seif-resistance curves were 
deduced fay means of the inverse corroctions 
for mutual resistance. The three self-reüs- 
tance curves so obtained are almost identical 
up to c full-wave dipole length, indicating that 
the theory is applicable up to this limit. The 
group of three self-resistance curves is iden- 
tified as / on Figure 41. 

The mutual resistance is accounted for in the 
followinj manner: The resistive component of 
the coefficient of radiation coupling is known 
to be independent of dipole length for two 
identical parallel nonstaggered thin dipoles, 
up to one wavelength long. It may be defined 
as the ratio of the resistive component of 
mutual impedance to the resistive component 
of self impedance. Thus, if the coefficient is 
known, either the self or mutual resistance 
may be obtained provided one or the other is 
known. 

The mutual resistance between two dipoles 
as limited above is 1" 

30 
2(2-(-cos2(i(;ri2(j. -teo&fUCipi 

+ CißF)  +COB 

■ftlaUKBi an 

m^iao + Cifil) 
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■  Italf  the   distance   between   the   two 
dipolea   (or  the  distance   from   one 
dipole tu a reflector) 

E - (V *»' +~i' - 1) 

F ■ (v'"!»' + i" + 1) 

G   -   (2 V «' + '; - 1) 

Calculation of the self reactance is based on 
equation (51), The mutual reactance ia ac- 
counted for as follow»: the phase angle of the 
mutual impedance between two identical paral- 
lel nonaUgirered thin dipoles, up to one wave- 
lentrth \ong. is to a first approximation inde- 
pendent of the length, and a linear function of 
the spacing. The linear connection is. for s 
greater than 0.1A, 

H i (2v f  + 1) 
* - - +42 

Since equation (Sft) is the asymptotic ex- 
pression for the mutual resistance of two in- 
tiiutflv thin dipoles. it may not be compared 
with equation (50) directly to obtain the resis- 
tive component of the coefficient of coupling. 

The following expression may be used: 

'Clf^Wll! *• ßl) ICin 43/)+4 col'ftflfii. 
+2cüt/M(Si4(« -2Si2ß0| . 54) 

The ratio of equation  (B3)  to equation  (54) 
i» the resistive component of the coefficient of 
radiation coupling.   A plot of R, I/AMI ia 
given in Figure 42 as a function of 2»/x. 

Here 4 is the pha^e angle in degrees; the other 
symbols are as previously used. 

From the relation 

"♦-S— »» 
und the previously obtained values of R,,,.,,,,.,, 
^uraiu.i may be determined. The total input re- 
actance is then 

•V,,, • .V,,,,,    - \mM^ . (38) 
Since the expression for A", contains tan 

0 as a factor, ihe correction for .¥„^^.1 as ex- 
pressed in equation (58) may have much larger 
values than the corresponding correction 
Rm^a.t in equation (65). The former correc- 
tion was therefore applied directly to the values 
of X.r,i as obtained from equation  (51). for 

The deduced values of self resistance given 
by curve / of Figure 41 were obtained using 
Figure 42, since the input resistance may be 
expressed u: 

«I« -Ä..L (35) 
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ing of 33 em. or A/4 at 227 mc; curve B, 28,5 
cm. 2G3 me; eurve C. 24.2 cm. 3t0 mc. The 
corresrjonding experimental curve« are shown 
at o, J, and c of the same figure. An examina- 
tion of these curvea indicates that the correc- 
tions for mutual miftance are of the correct 
order of magnitude. As in the case of the 
resistance curves of Figuri: 41, the experi- 
mental reactance curves correspond to a veloci- 
ty of propagation lower than that predicted by 
the theory, and the values of computed reac- 
tance are high. 

The accurocy of wavelength determinations 
made in the course of impedance measure- 
ments is sufficiently high to preclude the pos- 
sibility of experimental error accounting for 
the difference in velocity of propagation in- 
dicated by these two sets of turvea. 

the CR spot or trace, depending upon the 
presentation employed, waa to gear a resistor 
control lo the antenna shaft and provide elec- 
trical connections from this to the deflecting 
plates of the CR tube. The resistor consists of 
a circular atrip with two brushes at 90" from 
eaoh other. If direct current is applied to the 
proper terminals of the resistor strip, the CR 
spot is moved from the center of the tube to an 
angular position corresponding to the location 
of the resisti r brushes, 

I'nder the hbove condition, rotation of the 
brushes produce« a circular trace. The resistor 
control being geared to the antenna shaft, 
therefore, produces a trace which is synchro- 
nized with the antenna array. This is shown 
schematically in Figure 44.   Several forms of 

Subsequent to the expiration of the contract, 
several methods of cathode-ray indication equiv- 
alent to plan position indicatom [PPI] were 
developed and an automatic control was added 
to the flat array to indicate the practicability 
of the arrays when used for direction finding. 

In searching it is desirable to rotate the an- 
tenna array and provide a visual means of 
locating the azimuth. To accomplish the rota- 
tion and also to provide mi:uns of automatically 
obtaining a bearing once the signal quadrant 
Is known, an atnplidyne servo system was in- 
stalled. This was used to drive the antenna 
shaft either <1) through means of a manually 
operated selsyn control, or (2) automatically 
through suitable output amplifiers connected to 
the differential voltage developed across the in- 
dicator meter circuit. These two arrangements 
provided means for rotating the array to any 
desired azimuth when the selsyn was used, or 
to automatically orient the array to the signal 
bearing when the receiver output differential 
voltage was used as the control. The maximum 
speed of antenna rutation from either arrange- 
ment was 6 rpm. 

In addition to the L-R indicator meter, 
which indicates when the array is on bearing, 
a long persistent CR tube was used in the com- 
binations which follow.   The mean^ of placing 

presentation were tested, which, in each case, 
indicated the array position and the relative 
amplitude of the signal. 

INIMCATION PREaENl ATION 

The first method employed was to superim- 
pose on the circular trace the differentia! volt- 
age developed across the L-R indicator meter. 
The pattern. Figure 45A, ia such that signals 
to the left of the bearing appear as an increase 
in the circle and are, therefore, outward, while 
at the right of the bearing the patterns are in- 
ward. At the bearing poaition, the trace is 
evenly divided in amplitude about the circle. 
This arrangement is unmistakable but also un- 
symtnetrical and. therefore, requires a slight 
amount of interpretation. 

CONFIDENTHL 
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A second method is to connect the d-c voltage line at the bearing is obtained as shown in 
across the rotatable rexistnr und in series with Figure 45^, 
the output rwtifler from the receiver without Another arrangement is to drive the circular 
gointt through the L-R meter switch.   In this trace inward rather than outward. This forma 

FHHJU! 4S,    A si n ■Hurcil by ■upcrimpoeinK 01 

it ((oinB thrcmiih I.-R meter St 

unli«! volUre d»vtlüp«i »irods 

ease the circular trat-e ia maintained and a pat- a moie suitable pattern, since the bearing is 
tern which incre' ws the circular trace on or to indicated by an arrow formed by the parts of 
either side of the null and drops to a balanced     the face of the tube which were not illuminated 
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by the trace.   Figure i6A shows this pattern. 
A fourth arrangement is lu connect the lohe- 

»witched output in such a manner as to produce 
the trace of both antenna lobes. In this case 
Ihe intersection ut the lobes initicates the bear- 
ing as illuntrate<i in Figure 46B. 

Other arrangements were employed connect- 
ing the antenna array as a differential array 
forming, in effect, an Adcock antenna and 
tracing the pattern and null directly on the 
tube. (See Figure 47A,f A reversed connection 
of  this  arrangement,   shown  in   Figure   47B. 

D AL-TQMATI«: c:aNTIiol. « 

It appears that the piaximum utility of the 
CR tube indicator is to locate roughly the 
source of the signal with an accuracy of ±2°. 
A liearing may I« read more accurately if ob- 
tained by the automatic control once the 
quadrant has been located. The bearing scale 
for the automatic control was read directly 
from the aiimuth scale mounted on the antenna 
array, although provisions are made In the 
amplidyne system to read the indication from 
a separate aelsyn which is geared to the anten- 
na shaft. 

1:4".    A ehowa eflecl 01 

produces a trace which draws a line outward 
to the edge of the CR tube at the bearing indi- 
cation point. The antenna arrangements fi>r 
the two latter patterns do not require the lobe- 
switching mechanism and are. therefore, some- 
what simpler. However, this arrangement can- 
not readily be employed as an automatic direc- 
tion finder or be electrically connected to the 
servo system so t'r.st the bearing is obtained 
automatically. 

Many other presentation arrangements are 
possible u^iiiK uie CR tube. The methods of in- 
dication presentation suggested above, with the 
exception of the system which preaents the 
direct or reversed patterns of the Adcock ar- 
rangement, are based on the lobe switching of 
the antennas. It should be noted that all of the 
above illustrations show the bearing at 0- aii- 
muth. The patterns in each case rotate with 
bearing. 
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ERRORS IN DIRECTION FINDERS 

NUMEROUS PBOJEcra under Dlviiiion 13 were 
conrerned with the fjct that (tirecllun 

finders of various types do not jrive cunsittent 
or accurate bearinjrn in spite of tht fact that 
they can be erected with Rreat otn and made 
up of precision apparatus. Some of the»e 
errors were found to be due to the fact that 
elevated structures do not have all parts equi- 
diBtant from the rcflectinir or semi-conductingr 
ifround: that waves arhvlng from the iono- 
sphere are polariuil in heterogeneous waya; 
lhat wave» tra'. ■■ nj regions near the mag- 
netic poles do i il'vays follow the great- 
circle route; a i re »w still other reasons 
why d-f resti' Ji not have the accuracy de- 
sired, The bei /i nd for these troubles will 
be found discuc <i Chapters 1 and 2, and, in 
fact, throughout tSe summaries of d-f projects 
reported in this volume. 

11 I'ROiECT CM» 

This was the >f a continuing series of 
projects for et d., ,. ^^rtain errors of shielded- 
V Adcock direction finders. 

Under Project C-IT1 will be found a general 
review of the directive properties of radio 
waves and wave collectors, giving reasons why 
siir "le loop and dlpole antenna d-f systems are 
not accurate under normal conditions of h-f 
wave propagation. The fact Is that spaced-an- 
tenna systems to eliminate the faults of the 
simple loop or dipole are In theory highly ac- 
curate but in practice are not so. The Impor- 
tance of taking rapid bearings, of making all 
antennna of a given s^aced-antenna d-f system 
identical, and of limiting unwanted pickup 
irom extraneous conductors is discussed in this 
review, which also evaluates various known 
wav , ollecting systems. 

Tl.jg review found the shlelded-U Adcock 
especially  promising.   Since  the  nature  and 

Nncrc 14»,   Ruiio   Corpora 

extent of the shield required to produce suf- 
ficiently accurate bearings on sky waves had 
never been fully sturtied. Project C-17 was set 
up to study the design and properties of this 
particular type of antenna system. Attention 
was directed particularly toward portable 
equipment. 

A precise, demountable, shielded-U Adcock 
antenna was built on top of a station wagon, 
for portability, and a receiver with calibrated 
attenuator was installed in the station wagon 
to measure antenna responses under various 
conditions of wave incidence. Conductors were 
provided for building up elevated artificial 
ground planes of varying extent and complete- 
ness. A local source of test signals of definite 
polarization was provided, together with a bal- 
loon and rigging to elevate this source for pro- 
duction of sky-wave signals. A transit was 
used for observing polarization and direction 
of arrival of the test signals. 

Measurements were made with this system 
over the range 7 to 18 me with antennas con- 
nected tn the input transformer of the receiver 
directly or through cathode followers, the two 
method» giving about the same errors. The 
quantities measured were mostly maximum/ 
minim m ratios for directive patterns and 
minima positions for ground waves, and the 
ratio of maximum reaponses to vertically and 
horizontally polarized ground and sky waves. 

Trouble was experienced from the beginning 
with the inadequacy of the artificial ground 
systems tried as a part of the shielding of the 
Adcock U—trouble which has been observed in 
all other d-f projects summarized in this vol- 
ume. Radial-wire counterpoises were found to 
be wholly Inadequate, radial plus ring-wire 
counterpoises gave good results on ground 
waves but had exceasive errors on unfavorably 
polarized sky waves. Netting with radial wire 
extensions, shown undergoing teats in Figure 1, 
worked fairly well with ground waves and 
showed only moderately e 
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■ sky w»ve«. The netting, however, was not am- ter of a »-ft diamrter -pider web arr« 
; veniently portable. ment with 24 radial and 8 rinit wires. Witt 
! The getieral conclusion was thai « carefully 8-ft copper disk in the center. 

made portable shielded-l.' Adcoek uning a de- Considerable   work   was   carrieQ   out 
■ mounUble elevated counterpoise can be highly balloons, with attendant difficulties W 
\ accurate for hortiontally arriving siitnals. but limited the amount of downcominK-wave 
; cannot be made outRtandingly free of polariia- obtained. 

tion errors on downcomiiiK sijrnala without un- 
due sncriflce of portability. Standard-wavi 
errors of the order of lO" at best were attained. 

l'-1 AppuraliiH Employed 

A continuous copper disk 8 ft in diameter 
was mounted on top of the station wagon and 
determined the siae of the antenna system. 
Thus the antenna spacing was arbitrarily set 
at two-thirds of the disk diameter or about S^ 
ft. 'ihia spacing was A 6 at 30 mc and was 
A 36 at 5 mc. This small spacintr made the 
system rather insensitive, a l" change in azi- 
muth of an arriving signal producing u phase 
change of antenna voltage of only 10 minutes 
of arc at B mc. The height of the antennas was 
12i/i ft, which was %A at 30 mc, 

Many type» of counterpoise systems were in- 
vestigated and the one with the greatest density 
of conductors was bewt, but a larger one with 
fewer conductors was more practical and faii- 
)y good. This was made up of 48 radial wires 
each 100 ft long attached to the outer perime- 

In constructing the test oscillatoi- lo be used 
in the work with the ahielded-U Adcoek, care 
was taken to see that the purity of polariMtion 
was high. This wan secured by making the 
test oscillator long and narrow to minimiie the 
linssihility of r-f current flow in any direction 
other th»n that of the antenra rods attached to 
its ends. Electrical symmetry was provided by 
connecting the case of the miniature battery- 
powered transmitter to the center of the cuil 
feeding the two rods of the symmetrical dipole 
antenna. 

>.• PHOJECT CIB' 

In earlier work, tests had been made of a 
counterpoise made up of radial wire» and ring 
wires connected at the poinU where rings 
crossed radials. Further tests were made under 
C-38' with a counterpoise of ring wires only. 
Results were, as expected, decidedly worse than 
with counterpoise arrangements tried earlier, 
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The purity of polarization of the test trans- under the nhort-range transmission conditions 
mitter developed under Project C-17 was ex- used  in the tests.   Therefore, standard-wave 
amined  and  it was  found that the ratio of errors for distant siirnals as determined from 
vertical receiving antenna output with trans- the   above   computed   teat-sifmal   flelds   were 
mitter antenna  horizontal  and  then  vertical much greater than such errors as commonly 
was over 500. determined directly from measured ratios of 

Some  utiBucceBBful trials  were made of a wanted output for vertically polarized signal 
lar^e kite to supplement the balloon as support to unwanted output for horizontally polarized 
for a source of high-angle downcommg waves, signai. 
The balloon rigging was revised to give im- The directly measured results indicated that 
proved   operation   over   a   wider   range   of the Holmdel (C-16) Adcock was markedly less 
conditions. subject to polarization errors than the elevated- 

counterpoiae Adcock of Project C-17. and was 
of the general quality   (2° to  10° apparent 

Tests at Holmdel standard-wave   error   in   the   range   17.5  to 
Arrangements were made to take the balloon a-5 mc' which other r<xent work h8d 8hown ^ 

rigging, test transmitter and other auxiliary *» ^P10"1 ot *ood ^"^on finders. Snmlar 
apparatus to Holmdel. New Jersey, where the rMulta for the C-17 Adcw:k with the ^^ 
Bell    Laboratories    were   developing    under ««nterpo^ ran from 7° to 15" In the fre- 

volume) a shielded-U Adcock for fixed-station 
service.  Here polarization error meaaurements , , 
were m.de will, .teply downcmlw wav... <•-'l«""«, «.nee ,I would completely .»..lld.te 
Some de.e,iption of the Holmdel e^ulpmenl will ■'»"" ■ll I'""»"' ""»*■ »•' ." ,W" ■",d."!d 

be tamd In Chapter 1.   The te.t t.-.n.mllter <"**" «■ "Po"«« ""der Project C-57.   Ap- 
w„ holated to the top of a BO-ft tower al P™m»te bu   .e,.mloBly .ound appl.eaUon o 
Holmdel and ho«, approximately In line with J™«'"' «•«Jb-'y ^ "■""■ »' th« »»tadel 

.. .        i . j      .       ,    .        ■!. j ■    ii.   ^ .= Mitll indicated imurobaby UkHM slandard-wavi the east-west Adcock pair described in the C-16 K. '      ■ 
aununary.   Measurements were  taken  at six error8 on    ls   n  B1Kn8 8i 

frequencies from 3.46 to 17,30 mc, with tht 
teat transmitter hung from the tower at 1.5" 

i matter of such tremendous importance to 

Cm 
intervals from an elevation of 1.5U to 13,7f>° The final report' on Project C-38 includes 
and when suspended by the balloon to eleva- further general discussion of d-f design princi- 
tions corresponding tn S0° or 60°. pies and  testinir methods,  which  leads to a 

At each frequency and elevation, output of number of conclusions. 
both Adcock untenna pairs was recorded both Optimiatic beliefs resulting from oarlier 
with the transmitter dipole vertical and with work on the freedom of Adcock systems from 
it horizontal. Unexplained minima of un- polarization errors were not borne out by this 
wanted pickup for a transmitter elevation of or other recent work. In agreement with re- 
adout 6' were observed at all frequencies and cent results of others on H Adcocks, it was 
were very pronounced at the higher ones; no concluded that shielded-U Adcocks are subject 
corresponding horizontal Held minima were to a first-order error source of nature still un- 
observable, known. In particular, the elevated counterpoise 

Vertical to horizontal field-strength ratios at »hlelded-U system of Project C-17 did not com- 
the center of the Adcock ay 'tern, both for the pare as  unfavorably  with other systems as 
Project C-17 testa and those at Holmdel, were was at first supposed, so conclusions from its 
computed  using  a  number  of terms  of the study are given in the form of concrete pro- 
series-expanaion solution of  Maxwell's equa- posala for counterpoise design, 
tions given by Burrows.' The results indicated Since no direction finder can work well with 
a tremendous   enhancement   of  vertical   field all types of waves received, a "directive di- 
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versity" aystem was prooosed in which some 
one of a group of two or three spaced-antenna 
direction finders, at the same location but each 
usinir a different type of antenna, will respond 
accurately to any coherent signal received. Use 
of devices to warn »gainst verlicaDy down- 
coming signals was suggested. 

Knowledge of the means whereby polariza- 
tion errors arise was not sufficient at the time 
the work was done to permit either sound de- 
sign of direction finders or safe extrapolation 
from errors measured under usual test condi- 
tions to determine performance under widely 
different operating conditions. Inevitable pres- 
ence of the ground Improves performance of 
wave collectors at certain heights and injures 
their performance at other heights; whether 
good or bad, the effect is stronger the more 
conducting the ground. In general it was con- 
cluded that improvement of the direction finder 
itself was more to be desired than an equal 
improvement by choosing a site on better 
ground. 

M PROJECT &5J« 

The great importance of having a truly re- 
liable method of de'ermining polarization er- 
rors, because of their probably larger magni- 
tude in practical equipment, made it desirable 
to continue the work undertaken in the previous 
projects and to examine the experimental 
methods and the theoretical calculations of 
wave-field components used in testing under 
those projects. 

The startling nature of the theoretical results 
obtained under Project C-38,r which appeared 
to invalidate practically all prior d-f measure- 
ments, indicated the desirability of a more 
thorougli study. Thorough examination of the 
exact series-expansion solution of Maxwell's 
equations given by Burrows,' from which the 
approximations used in Project C-38 were ob- 
tained, showed it to be unsuitable for computa- 
tion under just the conditions for which ex- 
treme enhancement of local vertical fields had 
been computed and reported under that project." 

A  new approximate solution of Maxwell's 

•Centnet   No.   OEMir-SSH,   Radio   Corporstioti   of 

equations, suitable for computing under the 
conditions of direction-finder testing, was de- 
veloped from the exact solution in integral 
form given by van der Pol.'1 Comparisons with 
unpublished work of K. A. Norton showed this 
solution to be fundamentally the same aa the 
one recently reported by him. Both solutions 
are valid under the short-range, high-angle 
conditions of d-f testing and both assume high 
ground conductivity. The new solution, in the 
relatively simple form given it by Norton, was 
used to re-evaluate the Holmdel results of 
Project C-38 and to analyze new experimental 
results obtained under Project C-57. In each 
case, the vertical electric field component pro- 
duced near a horizontal rod antenna by curva- 
ture of the wave fronts was computed, as well 
as the horizontal electric field of the horizontal 
rod antenna and the vertical electric field of a 
vertical rod antenna. 

Application of these results to the Holmdel 
data of Project C-38 showed clearly that no re- 
liable measurement of polariz.ition error of the 
Holmdel Adcock had been obtained. Spurious 
vertically polarized signal due to wave-front 
curvature near the horizontal test source had 
obscured the unwanted horizontal field pickup 
of the Adcock. This field curvature was evi- 
dently also the cause of the apparent minimum 
of error found at Holmdel for waves arriving 
at 53 elevation. A few of the balloon observa- 
tions appeared to exhibit real polarization 
errors and permitted a rough estimate of 
standard-wfive error as varying from 9 to 61/4° 
between 5 and 9 mc. Pickup ratio, where de- 
termined, is apparently very low; good operat- 
ing accuracy results from placing the system 
right on the surface of good ground. Some 
data taken by Bell Telephone Uboratoriea at 
Holmdel with both rod- and loop-antenna 
sources of test signal showed the same curva- 
ture effects. Up to the time this work was con- 
cluded, no measurements made on the Holmdel 
Adcock had been good enough to give an ac- 
curate determination of its polarization errors. 

Because a horizontal loop transmitter doea 
not produce spurious vertical electric fields due 
to wave-front curvature, further testa were 
made on the C-17 elevated-counterpoise Adcock 
to compare such a source with the horizontal 
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rod or dectri'. dipole radiator previously usod. 
The rod-shaped test oscillator built for Project 
C-17 was moriitled to work with either rod or 
loop antenna and comparable testa were made 
with both source types. 

No differt.ice was found between meaaure- 
ments made on the elevaled-counterpoise Ad- 
cock with rod and loop transmitters. The field 
computations indicated that real poiari7.ation 
errora were measured and were ao great as to 
obscure the considerable field curvature eRects. 
Pickup ratios were very low, especially for 
sitrnais arriving at high elevation angles. They 
were of the same order is those estimated for 
the essentially similar Hotmdel system, but the 
aid given to overall accuracy by good ground 
at Hulmdel wan lacking for the elevated- 
counterpoise system as measured at Princeton, 
Standard-wave error at 7 mc and over rather 
poor ground was found to be 32°. 

Special tests of the loop traut mittet showed 
that field-curvature effects were not eliminated 
but were reduced at least tivo-totd by its use. 
The rod transmitter is inadequate for meaaur- 
tng standard wave errors below 20", except for 
high elevation angles, while the special loop 
transmitter used in this project should measure 
reliably errors as small as 4". 

Introduction of damping resistors into the 
elevated-counterpoise structure failed to re- 
duce errors but did show how size relations 
between conductors acted to equalize errors 
over a wide frequency band. No evidence could 
lie found that voltages induced in the counter- 
poise by horizontally polarized signals were fed 
into the antennas by capacitance, but It 
was noted that a single vertical antenna 
mounted eccentrically above the counterpoise 
was markedly more responsive to horizontally 
polarized aignal» than was a centrally located 
vertical ant«nna. 

Ordinary testing equipment and methods arc 
clearly inadequate for the study of polarization 
errors of really good direction finders. At the 
close of this work, it appeared that no fully 
adequate test had yet been made of the down- 
coming wave performance of any very good 
direction Pnder. Vertical field enhancement 
near a local transmittter ia not as extreme as 
the result of Project C-3S had indicated and 

is unimportant at high angles. It la quite im- 
portant at the low elevations and short ranges 
us?d in much d-f testing. 

•■• PROJECT C-76' 

Project C-78" wai concerned with the 
meaaurement of errors of radio Direction 
finders and served to correlate and evaluate 
knowledge of measuring techniques gained in 
the work of Projects C-17, C-38, and C-57. The 
whole problem of such measurements was sur- 
veyed including the question of what to 
measure, how to measure it, of the range < f 
measurement necessary or desirable, and of 
the characteristics required in the measuring 
equipment. Because of the great importance 
of the technical capabilities of radio direction 
finders to their user, methods of performance 
testing require careful specification. Overall 
testa designed to simulate actual operating con- 
ditions and to yield direct information aa to 
accuracy of bearings are highly desiraHe. 

Noise level and accuracy of equipment 
auxiliary to the d-f antenna system, like ac- 
curacy of reading at various steady signal 
levels, can and should be separately determined 
by nomiFl laboratory methods. Conditions for 
determining reading errors on actual fluctuat- 
ing aignal» cannot readily be specified. Errors 
due to good signals arriving by laterally dis- 
torted paths are not errors of the direction 
finder itaelf, while si gnu IN arriving from eleva- 
tions above about 60- should not be used for 
dii-cction finding. Testing methud« must avoid 
conditions which cannot be specified clearly or 
should properly be excluded from measurement. 

Errors due to interference among aignal 
components arriving over multiple paths are of 
great importance, as are errors caused by elec- 
trical Inhomogeneities In the immediate sur- 
roundings of a dire finder. Conditions 
for measurement of ti rrors could not yet 
be specified at the coi ...-non of this project. 
Test methods should avoid producing auch 
errors, yet be adaptable to their controlled 
production -vhen the art permits specification 
of appropriate tests conditions. 

Failure of actual d-f wave collectors to re- 
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semble exactl)' their idea! prototypes, even 
when well looaled and i sceivinjt a steady *>nt(le- 
coraponent signal, waa an important source of 
error at the time this work was done. Condi- 
tion« for measurement of .^uch errors could 
already be specified and they could and should 
hsvi been measured reliably, but this had 
practically never been done. These errors are 
of two types often called "calibration" and 
"polarimtion" errors (night effects), and it 
was to their measurement that Project C-78 
was directed. 

Actual distant siKnals have very complex 
properties which are usually incompletely 
known and are therefore poorly suited for per- 
formance testing, though limited data can be 
obtained «tatiatically from large numbers of 
distant-signal observations. Reliable and com- 
plete testing requires a fully controllable local 
source of test signals, arranged to simulate the 
properties of certain typical distant signals. A 
few actual distant-signal observations are de- 
sirable to check the validity of the local-source 
test method. 

Measurement» made with local sources under 
simpliliod limiting condition« may not always 
be reliable guides to performance under all 
operating conditions. Even when speciat 
detailed knowledge of a particular direction 
Under permits general conclusions to be drawn 
from simplified measurements, the rigorrus 
theoretical work required may be less con- 
venient than more complete direct measure- 
ments. The pronounced effect of the inevitable 
presence of the earth near every direction 
finder cannot always be treated as separate 
from it« intrinsic performance; in some cases 
only overall performance of ground and direc- 
tion Under together is signitkant. 

Carefully interpreted measurements from a 
lower limiting frequency between 6 and 10 mc 
to an upper limit between 18 and 30 mc can 
Indicate performance of similar direction 
(Indem over the entire b-f band from 1.5 to 
30 mc. Model measurements at very high fre- 
quencies avoid some difficulties of full-scale 
testing but require development of suitable 
models and may be misleading because the 
model does not accurately simulate obscure 
imperfections important in the original. 

Variation of error with signal-arrival azi- 

muth on favorably polarized signals and varia- 
tion of error with signal-arrival elevation on 
unfavorably polarixed signals must both be 
determined at several frequencies. The results 
can only be fully shown as graphs, but effort 
should continue to express a maximum of in- 
formation by a few figures of merit. Such mea- 
surements should be carried out over very uni- 
form highly conducting ground to determine 
ultimate performance capability and over uni- 
form poorly conducting ground a« well to 
determine possible impairment ot performance. 

The primary instrument used in d-f testing 
is a signal Held and test method« must be 
planned on the basis of accurate knowledge of 
its characteristics. Approximate expressions 
defining this field, a« developed by Norton, 
show its properties to be quite complex, es- 
pecially near the signal source. This complexity 
is caused mainly by the presence of the earth's 
surface, 

Signals from a local source differ from those 
from a distant source in two ways. The local 
signal shows different rates of attenuation with 
distance for components plane-polarized re- 
spectively parallel and perpendicular to the 
vertical plane of wave travel, while the distant 
signal shov.» no HUCII difference. The local 
signal, spreading from a small source, has 
curved wave fronts which cause somewhat 
different fields to appear at laterally separated 
parts of the direction finder, while the distant 
signal has plane-wave fronts. Each of these 
differences can seriously confuse d-f error 
meas rements. Both can be avoided only if all 
measurements are made at transmitter-receiver 
distances of at least several tens of wavelengths. 

The main method of measurement used in 
recent work involves two observations of the 
output of the d-f wave-collectur system under 
test, one in a field of the polariialion to which 
tin collector elements were designwl to respond 
and the other in a field to which no response was 
intended. The ratio of these outputs, for equal- 
ly strung Incoming signals, gives the maximum 
polariiation error to be expected. Separate 
observation with signals of limiting polariza- 
tion avoids phasing difficulties of earlier work 
where both signals were present at one*, but 
requires test signal sources of extreme polari- 
zation nurity. 
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Projects C-17, C-38. C-57, and C-78 used a 
signal source deaigned to achieve pure polari- 
zation by being Bntirely self-contained and con- 
forming in outline to the intended antenna, a 
ihort rod (electric dipolc) or small loop (mag- 
netic dipole). The frequency was stabilized by 
crystal control of a master oscillator driving a 
balanced power amplifier coapled to the highly 
reactive antenna by an aototransformer. This 
source was light in weight for convenience in 
elevated operation and its power output was 
maximised by use of efficient miniature power 
tubes and miniature batteries under very heavy 
load.  Figure 2 shows a close-up of the 

formance. Unwanted emission, while not defi- 
nitely determinable by this method, seemed to 
be at least one per cent of wanted emission in 
Held strength. This purity is adequate for tests 
in which a direction-Under null may be used to 
disc.iminate against unwanted emission but 
quite inadequate for more exacting teata. An 
appreciable electric-dipolc moment was exhibi- 
ted by the magnetie-dipole source, probably be- 
cause of the breaks in the loop required to con- 
nect the irenerator. Elimination öf unwanted 
electric field components due to wave-front 
curvature, attractive in principle, was thus 
found very difficult in practice. 

of the 4-in. by 2-ft cylindrical test source, with 
inserts showing its incorporation into rod and 
loop raditlors. 

The usual method of determining purity of 
transmitter polarization, by observing the out- 
put of a receiving antenna of supposedly pure 
polarization with (he transmitter in various 
orientations, was shown by a complete analysis 
to be generally incapable of giving the desired 
result. Tests of this type, using an accurately 
vertical rod receiving antenna centerpd over an 
accurately horizontal circular elevated counter- 
poise, were made on signals from the above 
source and indicated rather disappointing per- 

The output-ratio method of d-f testing is in- 
direct and slow, beside requiring ineonvtnient 
manipulation and sometimes needing an un- 
attainably pure source. Some other means of 
avoiding error reduction by clianee favorable 
phasing of various field components would 
avoid these difficulties. An improved method of 
d-f error measurement based on a novel test 
signal source was proposed in the final report 
on Project C-78.' The proposed signal source 
would use an antenna unit consisting of two 
distinct radiators of different polarization, 
preferably a vertical rod and horizontal loop. 
These would both be fed from a common r-f 
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PROJECT C-SS- 

(-■ti.-r-f. of "Swinging" KpuHng« 

The origin«! development of the Adcock an- 
tenna system wan for the purp,wi of rendering 

awiociBted direction  finder inmsnsitiVE 

generator, with constant relative, amplitude 
and continuously varying relative phaae. Pu- 
UriMtion error would be observed an a swing- 
ing bearing and measured by amplitude of 
swing. Error measurement would thus be 
direct, rapid, and experimentally convenient, 
and no critical control of orientation of highly 

elevated equipment would be neceaaary. Slight that componeVo"fVradio"w7v"e wh^Te'lectric 
IwlariMtmn mpurity would cause only small Held is polarized perpendicular to the plane of 
inaccuracy of error determination, instead of incidence (horizontally polarized) Theoretical 
seriously obscuring the significance of the re- computations, as well as tesU with a conlrolled 
suits; careful design of the test source would local Urget transmitter. Indicated that the 
nevertheless be required to maintain fairly Adcock antennas developed under Proiect 

^ [,.Ur,
1
ty-     _ C-84'" were (apable of discriminating to a very 

At the large d.slances so necessary to insure high degree between the desired vertically po- 
freedom from confuamg local-Held effect», full larized and undesired horlzontnilv polarized 
freedom of control of position of the test waves of a radio signal. Nevertheless tests on 
source is only possible by supporting the sky-wave transmissions revealed swinging 
source from a,, aircraft.   Airplanes are not    bearings on the cathode-ray indicator of the 

SSESflSS such
ir,

rk but a "onmetallic direction finder, typical of sailed polariiation 
dmg b e a.rstnp would be very valuable. Cap- error. Both the magnitude of the bearing 
t.ve balloons are mferior to dirigibles but per- oscillation and the percentage of time that the 
haps more pract.cal; they should be of good cathode-ray indication departed from he cor 
aerodynamic form, be lightly loaded and carry a rect azimuth made it appear likely either that 
source which does not require adjustment of theoretical computations of wave discrimina- 
orientation n, flight. A captive balloon has tion for these antennas were grossly in eZ- 
been found qurte useful even though all three or that the downcoming sky waves were not 

we^ü T n ?r Satisfact0ri: W™ twlari^ «t ""dorn according to the generally 
were violated. Tall towers or poles provide acpted hypothesis of ionosphere reflections 
very convenient support but their range of if it were assumed that the swinging of the 

bearing was due to polarization error. usefulness is necessarily limited. 
Sites for testing d-f performance must be 

much more critically dioaen than even d-f 
operating sites. They must be clear, flat, and 
electrically homogeneous over a radius of sev- 
eral tens of wavelengths at the lowest fre- 
quency to be used and to sufficient depth 
attenuate the transmitted 
Wastelands are fortunately very suitable, salt 
marshes   as  sites  of  high   conductivity   and    ity of tests o 

^R™ J^8 0f If^Ä^' Sky ^^  WM c1™^  ™di™™.   A part o'f 
By use of a source of the type proposed sup-    Project C-68' concerns the study o. plSion 

ported from an aircraft over well chosen sites    of radio wave, between 5 and 20 mf
a^,Zatl0,1 

and working at adequate distances, d-f per-        I„ agreement with this contract, there was 

ease,    built and installed at Great River, New York, 
equipment since called the polariscope, a 

Because the values of polarization discrimi- 
nation by Adcock antennas were more or iens 
substantiated by tests with local target trans- 
mitters, while the distribution of polarization 
of downcoming sky waves remained unproven 
by any physical testa whose results could be 

by ten times,    directly associated with the apparent polariza- 
'    tion of Adcock direction finders, the desirabil- 

a the polarization of downcoming 

formance should be assessable with 
completeness, and reliability not approached in 
any testa hitherto made. Teats by these meth- descripti 
ods can be extended to include effect« of multi- 
path wave interference and of inhomogeneous 
sites if the art advances sufficiently to permit 
appropriate lest conditions to be specified. 

COVFIDENTIAI. 

of which  follows.   This equipment 
permits the ratio between the vertical electric 
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and horizonta) electric components of u radio 
wave to be seen at A certain point while radio 
bearingB are observed on a cathode-ray indi- 
eator also to be deacril>ed below. 

The Bureau of Standards, awari' of theMe 
factn, asked the contractor to observe bearings 
and polarisatkins of the Bureau's station 
WWV, Beltsville. Maryland, trammittinK suc- 
cewively with two different types of antennas. 

equipment is given in Figure 3. The Type A 
indicator ia identical with th? d-f indicator 
used in SCR-502. Figure 4 is a photograph 
of the antennas used with the polariscope, and 
these antennas consist of two crossed dipoles 
12 ft in lenjrth mounted on a revolving boom 
20 ft long. This entire boom with its central 
column can be revolved from within the con- 
trol room so that it may face the direction from 

Block dingfjuii of poUriscope- 

radiating at certain lime» vertical and at other 
times hoH»>ntal polariiation, Thia tranamit- 
ter ia sufficiently diatant from Great River that 
no ground wave ia present. 

»■" Desrripliun of Polariaeopc 

The circuiia and antenna design of the direc- 
tion finder are approximately the same aa 
described in Chapter 9. dealing with the SCR- 
602 (Project C-34).1" 

A block diagram of the polariscope and d-f 

which the aignal arrives. This assembly is 
mounted on a amall wooden tower with its 
central axis about 20 ft above the surface of 
the earth. 

Each antenna, both horizontal and vertical, 
has its own balanced cathode-follower coupling 
unit, which in turn feeds into a balanced dual 
coaxial cable leading into the central control 
room about 50 ft away. The Vwtfcfll antenna 
ia connected to the vertical stator of the goni- 
ometer, and the horizontal antenna to the hori- 
zontal stator of the goniometer. In this manner. 

Ct^FlDF.I'iTIAl. 
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no EMaOBS IN MKKCTTON FIWDgHS 

the pattern developed on the ftce of the indi- 
cator unit indicates the amplitude and phase 
relationship between the vertical and hori- 
zontal components of the electric field of the 
received wave. 

In addition to the visual indication on the 
cathode-ray oscilloscüpe indicator, automatic 
recordings of the amplitudes of the two com- 
ponents of the wave are made by two Ester- 

oBcillation of the bcarins during periods when 
the wave was approximately vertically poiari- 
led must be due to some other phenomenon. 
The following hypothesis and tests were an 
outgrowth of the analysis of the above polar- 
imeter investigations. 

Wave Interference Errore. The hypothesis 
which aaaumed swinging bearings to be due 
to strong horizontally polarised components ii 

line-Angus recorders, with a paper speed of 8    the downcoming sky  wave,   in  general  also 
in. per minute, set up in conjunction with two 
separate receiving channels  fed by the two 
dipoles of the polariscope. 

The program for the reception oi WWV was 
to observe the bearings and the polarization 
for 6 minutes: then to align the two receiv- 

assumed that the wave was reflected from ii 
single point in the ionosphere. Were this the 
case, then swinging bearings would feasibly 
be due only to horizontal polarized sky waves. 

But consider the result of combined waves 
from two or more points in the ionosphere. If 

_ s alike and record the intensities of the two these reflection poinU differ even by a degree or 
components for 6 minutes. After this the loss, the combined electric vector at the d-f an- 
bearlngs and polarixation were visually ob- tenna will be a function of the instantaneous 
served for 5 minutes again. The whole phase differenee between the several com- 
procedure was repeated every 16 minutes for    bined waves. 
each type of transmission. The last half of An analysis of more than two rays becomes 
each hour was used for a standby period, extremely involved, therefore the combination 

of only two waves will be discussed here. The 
result of the combination of several rays 
which, in practice, frequently arrive at the 
direction finder from a single transmitter, will 
be a still greater variation in the bearing 
indications. 

Figure 5 is the special example of two rays 
whose azimuths differ (for the sake of clarity) 
by a mucli larger angle than that usually ex- 
perienced in practice. In practice, relative 
magnitudes of the separate waves vary as do 
their instantaneous phases. This is due to the 
fact that the separate rays apparently arrive 

, regions in the ionosphere which differ ii 

during which time the two 
calibrated for identical sensitivities with the 
next frequency to be tested. 

ANALYBIB OF WWV OB8EBVATION8 
Three days' operation of this equipment re- 

sulted in Indications and records of bearing 
errors with wave polarization, the analysis of 
which is as follows: 

I. The horizontal vector of duwncoming 
waves from both the vertically pola-ized trans- 
mitter and the horizontally d transmit- 
ter was found to have ranuMn». polarization. 
This was in accord with the generally accepted 
theories on polai ization of sky waves at these height and density of ioimaliun and where 

ionization conditions are not necessarily stable. 
A simple example of the mechanism whereby 

two vertically polarized waves from slightly 
different azimuths can result in a large d-f 
error is as follows: 

First consider ray C in Figure 5 to arrive at 
istantaneous error vector 
nd ray D to arrive at the 

frequencies, 
2. During periods when the sky-wave po- 

larization was horizontal or a very few degrees 
from horizontal, bearing indication was in 
error or indeterminate. This was the expected 
polarization error. 

8. Frequently, even when the sky wave was    point O witn its 
vertically or nearly vertically polarized, there    directed upwards 
were wild oscillations of the bearing indicator    same point with its vector similarly directed 
and deterioration of the null, upwards.   As long as these vectors remain in 

The above results indicated that the oscilla-    such phase, a direction finder located at point 
tions of the d-f bearing were not due solely to    O will provide an indication between C and D. 
polarization error a« had been assumed.   The     (Since in practice C and D usually differ by a 
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very iinall anele, this may be called the correct    the amnlilude of the v 
J. .     ..    ", , i^nntirml     the   HJDr.al   1 

bearing indication, > 

VCB from C and 0 ware 
identic»!, the signal would be very weak and 

Now consider a later time when the ray the d-f bearimr indication would be 90° m 
from C while atill vertically polarized, ha« error. With unequal amplitude«, the error i« 
altered it« phase with respect to the ray from    le«s than 90°. 

msgnitudaa iwivin« 

B by 180». Then the de.lr«l ..rtlc.l eorapo. In . typical .itu.tlon   the combimUon ot 
„ent, tend to c.nc.l while the component ot two r.y will occur with „rym, pha.e end 
h.   Jo, which hi.«« the .nEl. b..w„. C .ei.tiv. „.pli.nd... thn. P'""'»« '» »-■'- 

end D tend, to be .dditlve. In .och . cue, it Wing indlction of benrini.   The comb.n.tion 
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of more than two ray« will, of course, 
the complexity of the resultant vector to which 
the direction finder reepundtt. 

BecauHe in the crossed Adcoch direction 
finder there id in general a Hmall azimuth error 
which varies with the vertical angle of in- 
cidencr (the ottantai error), two rays arriving 
from the same azimuth direction, but from 
different layer.t of the ionnaphere will also re- 
sult in an interference error whose '«havior 
is similar to that due to two rayt. arriving: 
from slightly different azimuths. 

Tr*t of Wave interference Error*. To exam- 
ine the error resulting from the interference 
of two waves whost azimuth and relative phase 
may ht controlled, the direction finder em- 
ployed in the previously described polarization 
te*t was used in the reception of signals from 
two local target transmitters. 

These two transmitters were located about 
1,000 ft away from the Adcock antennas of the 
direction finder, and were spaced so that the 
a/.imuths of arrival ditfered by about 2°. One 
of the transmitters was set on a given fre- 
quency (about 5 mr), while the other transmit- 
ter frequency was varied by hand to be as 
eiöse »■ possible to the irequency of the fixed 
transmitter. 

As the frequencies of the two transmitters 
fell within the hand width of the direction 
finder, a confused and rapidly changing fluc- 
tuation was uhserved which in general pointed 
toward the two transmitters. 

When the two transmitter frequencies were 
brought as close together as was possible (for 
brief periods two frequencies were apparently 
within 1 or 2 cycles), Ute d-f indication was 
that of a slowly oaciHating bearing whose 
quality was highest when it pointed in tho 
direction of the two transmitters and which 
deteriorated to almost no indication when it 
approached a bearing SO- from the line bi- 
secting the angle between tho two transmitters. 

It was suggested that a further experiment 
to investigate precisely the errors due to any 
given phase difference and amplitude between 
the two incoming rays could be performed by 
feeding two displaced Iransmitting antennas 
from a single transmitter with a phase and 
amplitude adjustment in the line to one of the 

antennas. But, because the test with the two 
separate transmitters aatisfaclorily proved 
that two vertically polarized waves arriving 
from slightly different azimuths can cause 
bearing oscillations resembling polarization 
errors, it was decided that, in view of the fact 
(hat a combination of only two rays was artifi- 
cial, further testa of this type should not be 
pursued at this time. 

CONCLUSIONS 

The experience with the polariscope and the 
later tests which simulated two sky waves have 
indicated that the d-f bearing oscillations and 
deterioration nulls are not due entirely to po- 
larization error. 

In America it has been assumed that efforts 
to disseminate horizomaliy polarized waves 
would ultimately result in a direction finder 
whose hearings would be steady and precise 
beyond those which had been designed in the 
past. 

The facts that the prevalent mu!tipie-ray 
transmtasion of radio signals gives rise to in- 
terferi-nce errors in Adcock direction finders 
would Indicate that too great effort in reduc- 
tion of polarization error are not warranted. 

At present, it appears that the interference 
error cannot he reduced by any d-f system in 
which the antennas cover such a limited area 
as do the Adcock antennas. The Musa (mul- 
tiple unit ateerable antenna developed by Belt 
Telephone Laboratories), does reduce inter- 
ference errors. The Musa system, however, is 
necessarily a very large installation which can 
be used for direction finding over a very »mall 
azimuth only. 

" PROJECT 13.1-84 

Under Project 13.1-84' a very great deal of 
work was done to determine the essential char- 
acteristics of the ground under d-f instaliationa 
to make the apparatus aa useful and as free 
from errors as posaible. Part of the project 
was to develop, if possible, simple equipment 
which a relatively untrained person could take 
to a site selected for a d-f installation, perform 
a simple and not too critical experiment, and 
by means as simple as reading a meter, perhaps 

i romntct No. OEMar-KIW.  Federal Telephone and 
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like a tube-testing meter, determJne whether 
the site was suitable or not. All previous work 
under Division 13 projects had indicated the 
extreme importance of locating d-f apparatus 
on sites with good ground characteristics. 

The final report" on Project 13.1-84 shows 
that the phenomena involved are !oo complex 
for a single instrument of simple type to be 
constructed for the job to be done. 

An extensive bibliography ia rnnUinaH in 
the final report" and this report should be 
consulted by anyone seriously engaged in site 
investigations. The bibliography has references 
to characteristics of the sol! as of interest to 
a chemist, or from the standpoint of electro- 
chemistry or physical chemistry- The report 
itself contains much historical material deal- 
ing with our knowledge of the conductivity of 
the soil, its dielectric behavior, itn d-c and h-f 
resistance, and of methods explored for deter- 
mining these factors. 

■"'    MelhotU of Measurrmrnt Studied 

A comparison of resistivities as measured by 
direct currents and by alternating currents 
indicates that electrode effects cause the d-c 
resistivities measured at high radio frequencies 
before a dispersion occurs. 

Nevertheless the final report indicates that 
d-c measurements may be a very practical 
method for determining resistivity of soil 
samples. 

Since it Is well known that the inductance 
of a coil at radio frequencies depends upon the 
core material, the 0-meter can be used to mea- 
sure soil characteristic» hy placing the sample 
inside a coil whose inductance, without the 
soil, is known. 

It was found that measurements by this 
method did not give quantitative results but 
with care could be made lu show relr-tive 
quality. The inductance method is more sensi- 
tive and more easily applied than the capaci- 
tance method, 

BHIDGE METHODS 

The moat accurate way of measuring the im- 
pedance of a soil »ample at radio frequencies 
is to use a suitable bridge circuit. This method 
requires mire skill, h more tedious, and the 
range of values measurable is leas than in some 
other methods. In iiddition an auxiliary 
generator and detector are required. 

Because of variations of the weather and 
the averaging of soil constants in wave jmipa- 
gation, it sterna unnecessary tn measure the 
conductivity with an accuracy greater than 50 
per cent of the mean value of several measure- 
ments. Furthermore, measurement of conduc- 
tivity alone seem» to be ail that is necessary 
to determine the characteristics of ground 
material of a possible site for a d-f inatalia- 
tion. Thus the bridge method, while yielding 
a high deg-ee of precision, is foo complex for 
the job to be done. 

R-F MEASUREMENTS METHOI« USING ANTENNAS AND TRANSMISSION 

Considering the si-ii as an imperfect dielec- LINES 
trie, a whole series of experiments was per- One of the most effective means of deU-rmin- 
formed to determine the relative qualities of ing the effect of a site upon a d-f installation 
■oils as dielectrics. By the use of a Q-me'er. in is to set up a portable direction finder of known 
which the soil is inserted between the plates of properties and to observe how its operation is 

capacitor and the overall loss factor of soil 
plus capacitor determined, the conclusion was 
reached that Q-meter measurements were not 
practicable over a wide frequency range. The 
method is not suitable for  measuring 

affected by the site. 
Thus an antenna and its characterisths are 

a function of the ground upon which it is 
erected, its Input impedance, the ground losses, 
and directional patterns being functions of the 

Unce of sample soils greater than 50,000 ohms, ground. Properties of transmission lines which 
the reliability of the method ^„reaaing as the are moat susceptible to investigation are at- 
resistance decreases. tenuation conntam and velocity of propagation. 

The conclusion was reached that the Q-meter Preliminary measurements indicated that such 
method could be used at spot frequencies for studies could be quite effective but the decision 
soil samples in Lucite containers. was reached that more work would be news- 
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gary to find out if the methoda would be prac- 
ticable, irthermore, such experiments could 
be performed onlv with enirfneeiing super- 
vision, such waa the state of the art of mea- 
suring equipment of the kind mjuired for an- 
tenna or transmtsslon-lir.c measurement«. 

Similarly, measuremunta of field strenftth at 
different frequencies were abandoned when it 
was found that results were inconclusive. Re- 
flection coefficients and wave tilt were studied 
as a function of ground constants. Limited ex- 
perience indicates that the method is applicable 
to measurementa of soil constants under con- 
ditions of (1) no obstructions between trans- 
mitter and receiver, <2) no reradiatora near 
enough to cause trouble, (3) elevation of the 
target transmitter above ground or else use of 
rather large power input. These limitations 
were discouraging from the standpoint of port- 
ability and the necessity of determining ground 
characteristics under varied conditions. 

AUDIO-F»B«UBNCY METHODS 

Mapping a site by plotting eqjipotential 
lines between ground electrodes at audio fre- 
quency required lens time than mapping by 
plotting equifield lines about a transmitting 
intenna at radio frequencies. The use of audio 
frequencies and ground rods eliminates pro- 
nounced disturbances caused by above-ground 
rersdiators observed in plotting equifield r-f 
field, lines. The method employed in Project 
13.1-84 ia described in the Anal report11 and 
Is applicable to the picking of a site for a d-f 
station. The method can be used, also, for 
locating large bodies of metal under the sur- 
face of the ground and this ia discussed in the 
final report, together with the use of r-f 
devices auch as mine detectors for locating 
small metallic bodies. Circuits for such devices 
as constructed under the project will be found 
in the final report. 

WENNUS-GISH-ROONEV METHOD 

In this manner the following process is car- 
ried out: four copper-coated rods % in. in 
diameter and 1 ft long are used as electrodea. 
They are equally spaced along a straight line 
and voltmeter readings are taken for several 

values of spacing between 1 and 35 ft. A bat- 
tery-operated vibrator delivering approxi- 
mately a square-wave alternating current of 
110 volts ia connected through a milliammeter 
to the outer electrodes and a battery-operated 
vacuum-tube voltmeter is connected between 
the inner electrodes. The current fiowing 
through the outer ulectrodes and the voltage 
between the inner electrodes are read for each 
of the chospn anncina«. At close spacing« the 
electrodes are driven into the ground only an 
inch or so, at greater spadngs the electrodes go 
into the ground to depths of up to 1 ft. 

In this manner a plot of an area showing 
effective resiste.nce as a function of depth can 
be obtained. The method ia easy to apply, ia 
sufficiently accurate in indicating the resistiv- 
ity of the top surface of the ground and ia the 
best method of obtaining in a qualitative man- 
ner the resistance as a function of depth. 

The final report ends with aome data on the 
ground requirements for direction finding in 
various frequency bands, indicating in a par- 
ticular case that 50 tons of coal dost screen- 
ings, either soft or hard coal, should be put 
down to a depth of 1 in. under installed ground 
mats and to a radius of 10 ft beyond the guy 
wire anchors. The ground mats and the coal 
dust layer are covered to a thickness of 3 in. 
and this is tamped down tightly. 

Treatment öf this sort produced a ground 
which contributed little trouble to the d-f sta- 
tion involved. 

M PBOJECT CW" 

The loop direction finder has been found 
lacking a^ a dependable instrument for naviga- 
tional and other purposeg because of inac- 
curacies under certain operating conditions. It 
is often impossible to get a bearing at all or the 
azimuth of the observed bearing may be greatly 
in error or may vary from moment to moment. 
Theae errors have been under continual study 
since the loop direction finder came under prac- 
tical use during World War I and the basic 
causes for the different types of errors are now 
well understood. Most of the errors have 
proven capable of elimination, but a notable 
exception has been polariiBtion error which in- 
cludes ibe so-called night effect and airplane 
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effect. Project C-lö' was to study a particular 
and new means for attacking this type of error. 
Project 13-122" studied this compensation 
means critically and reported on difficulties 
with it. 

MJ Normal Loop Operation 

The Ideal case for loop operation is a verti- 
cally polarised wave (in which the electric 
vector is always in the vertical plane throueh 
the direction of travel) proceeding «long the 
surface of the earth and following a greut-circle 
path between the transmitter and the receiver. 
In this situation the loop has the well-known 
"figure eight" directional response, a mini- 
mum or null being obtained when the plane of 
the loop is at right angles to the direction of 
arrival of the signal. 

Under thes« conditions and if the loop sys- 
tem itself has no "instrumental" errors, the 
bearing of i.he distant station can b; ascer- 
tained with considerable accuracy. 

"' Wave Error. 

If, however, there are abnormalities in the 
wave itself, a loop which will operate perfectly 
on normal waves will show errors in bearing, 
hazy bearings or no bearing at all. 

The several wave errors are as follows: 
1. Coastal refraction is the phenomenon re- 

sulting when the received signal travels 
obliquely across a boundary between two soil 
types, notably ocean-to-shore transition at a d-f 
site located some distance from the coast line. 
The wave is actually refracted and appears to 
come from an incorrect direction. 

2. Lateral deviation is a phenomenon in 
which the wave does not travel a great-circle 
course but deviates as much as 10° from this 
course. 

3. Scattered signals is another form of wave 
error in which the signals seem to arrive from 
several directions, apparently from scatter 
»ources in the ionosphere or on the earth's 
surface which appear to reradiate some of the 
original energy. 

«Contra« No. NI)Crc-lSS. Stanford tlnivereily. 

Polarisation Error« 

than the anomalies of 
scattered signals and lateral deviation are the 
errors due to irregular polarisation of the re- 
ceived wave. The Hymptoma are of several types 
as follows: (1) Bearing sharply defined and 
stable bu! apparent azimuth incorrect; (2) 
bearing sharply defined but Hhifting in direc- 
tion over a period of time, often quite rapidly; 
(3) blurred, indefinite null point, although u 
minimum of correct bearing may be detected. 

Polarization errors occur when the received 
wave is not a simple, vertically polarised wave 
but contains a horisontal component ao well. 
This horisontal component arises from the 
rotation of the plane of polarization of the sky 
wave in its reflection from the ionosphere. 
When such a wave arrives at a d-f station, the 
operator turns the loop to get a null indication 
but is able to do so only whsn he has oriented 
the loop in such a manner that loop voltages 
due to the vertical component (vertical loop 
conductors) and due to the horizontal compo- 
nent (horizontal loop conductors) are equal and 
opposite. This is not the loop position which 
gives a null on the vertical component only be- 
cause the angle of arrival is such that there is a 
phase difference between the two component«. 
Therefore, the operator gets a wrong bearing. 

*'''* Attacking the Problem 
Two possible modes of attacking this prob- 

lem present themselves. Oie possibility ii to 
design a collector with only vertical elements. 
This leads to the Adcock antenna which ia quite 
useful for many applications. Its great disad- 
vantage ia the fact that its picaup, unless the 
structure is quite large, is small whereas the 
loop can h&ve many turns with correspondingly 
greater sensitivity. 

The mode of attack pursued under Project 
C-i9 was to accept the situation of having trou- 
blesome errors due to the horisontal pickup but 
to compensate the unwanted voltage by another 
horisontal voltage secured from an additional 
nntennR mounted with the loop and rotating 
with it. This forms the so-called compensated 
loop which has been discussed in the literature 
and on which patents have been granted," 
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In the system proposed, the voltage induced 
in the auxiliary sffitflffiu WBHM be expected to 
behave in Uta same manner as the" voltage 
induced in the loop by the horizontal polariia- 
'.ion. Then this voltaite would be coupled into 
the loop in such a manner as to provide neu- 
tralization for the unwanted voltage. 

Two basic problem« are to be solved. First, 
what mu.tt be the network characteriatics uawl 
for oouplinit the neutralizing voltage into the 
loop and, second, to what extent docs the neu- 
tralization become incomplete if one of the 
operatinK variables change. 

The bulk of the final report la devoted to a 
study of these baaie problems including the 
effect of a wave reflected from the earth's sur- 
face, the effects of vertical and horizontal 
polarization or it combination of the two, errors 
in the uncompenaated loop and in Uta compen- 
sated arrangement, calculations on typical 
situationa, the effect of wavelength on compen- 
sation, variation of height of antenna above 
ground, and height of auxiliary antenna with 
respect to the loop. There is considerable ma- 
terial relating to the measurement of ground 
reflection coefflcienta. voltage ratios and phase 
angles, field .strength, etc. 

ReeuilH Ohtamcd 

As a result of the theoretical analyaia and 
extensive field teatw, it is concluded that the 
aystem would work lor short aa well as for long 
waves, calculations being given for n range of 
from 1- to l.OOO-meters wavelenglh. that it will 
funntlon for any type of soil condition, that it 
will not work on airplanes where extreme 
changes in soil type would occur over wl.k'i the 
plane Hies or where large variations in height 
above ground would occur. The system works 
best at fixed heights which are small lk/10 or 
leas) compared to the wavelength. 

On actual demonatratioti of ix perlmental 
equipment and a Sperry Mk-1 automatic direc- 
tion finder good compensation was secured. 

An extensive bibliography is included in the 
final repirt." 

*■,■'   Compensated-1,imp Direction Finder 

The Signal Corps of the U. S. Army in Janu- 
ary 1944. remiested NDRC to perform research 

on a loop antenna satisfactory for direction 
finding on transmitters up to 30 miles away in 
the h-f band which would be as satiafactory at 
nighttime as during the day. 

Under the continuing Project C-58,J some 
investigations were made on compensated-loop 
direction finders. 

In the past considerable work has been per- 
formed in attempts to compensate loop anten- 
nas against response to horizontally polarized 
waves. In almost all such investigations the 
general problem of downcoming sky waves at 
any angle has been attacked. The failure to 
design a satisfactory com pen sated-loop direc- 
tion finder may have been due to the too gen- 
eral nature of the problem. 

A loop direction finder compensated against 
night errors for transmissions of not more 
than 30 miles would require that compensjition 
be against vertically or nearly vertically down- 
coming waves only. It might be expected that 
this special problem could be solved more easily 
than the general loop compensation which had 
aa yet no satisfactory practical solution. 

Although the final form of compensated loop 
might for reasons of portability be a single 
rotalable loop antenna with the necessary at- 
tachments for ruaponse to horizontally polar- 
ized downcoming waves, it was decided that for 
reasons of convenience during the experiments 
a fixed crossed loop be employed. 

Directly below the crossed loops were In- 
stalled crossed horizontal dipoles. An injection- 
loop tranamitler was located 30 ft directly 
above this collector, to generate the vertically 
downcoming wave. 

Both the loop antennas and the horizontal 
dipole antennas fed catliode-follower coupling 
units. In the dipole coupling units both ampli- 
tude and phase were adjustable. 

Experiments were made at night on a trans- 
mitter located 26 miles away. The loop trans- 
mitter located above the collector assembly was 
tuned to the frequency of the distant transmit- 
ter and then the compensating dipole antenna 
coupling unita were adjusted to minimize the 
signal. A reduction of about 10 db was easily 
accomplished. The distant transmitter was then 
turned on, and it was found that on the 
cathode-ray indicator the swinging of the bear- 

aCVFIDKNTIAl. 



PM1JBCT t*-UI U7 

injt was reduced from four to eight tiiiK's a» 
L-ompared with the uncompensated loop. 

It was found that the improvement was best 
when the injectiun loop transmitted at precisely 
the same frequency as the distant transmitter. 
Also, an adjustment made when the ground 
undir the loops was dry became worthk'SK when 
a brief rain altered the conductivity of the 
ground. On tht* whole, the compensution was 
not complete, and the apparent requirenit-'nt for 
adjusling the coupling units by means of an in- 
jection simial exactly the same frequency as the 
distant signal was a sericas limitation. During 
Uie experiment it was also found that a slight 
frequency shift by the injection transmitter re- 
quired a large adjustment in the coupling unit 
controls. 

In the May 1945 issue of Proceedings of the 
I.R.B." an article by J. N. Pettit and A. W. 
Terman on compensated-loop direction finder» 
concluded with some encouraging remarks on 
the poaeibllity of compensating a loop antenna 
by means of a horizontal dipole. Because this 
conclusion apparently differs from that reached 
in the report of Project C-58 on compensated 
loops, the NPRC requested a comparison and 
discussion of the two reports to resolve the 
apparent contradictions. 

" PROJECT 13-122" 

tsa Discimion of Prnjwl C-19 

Under Project IS-l^,1" a final report was 
prepared which discusses the work accom- 
plished under Project C-19." The gist of this 
discussion follows. 

The compenaated loop was studied under 
Project C-58 and the report on that project 
states that results were rather discouraging. 
The important item to be determined is whether 
the findings of Project C-1R were corroborated 
by the work in Project C-58 or whether there 
is some basic difference between the results. 
It is concluded lhat, bngieally, there is no theo- 
retical disagreement. However, it is shown that 
the coupling networks should, if possible, in- 
clude means for resnlving the differenci-s in the 

.  OEMBf-149U, Fed 1  Tclephnn 

internal  impedances  of the  loop and  dipole 
antennas. 

The report of Project C-19 on the investiga- 
tion of compensation in direction finders is a 
mathematical invpHtigation to determine the 
phase angle and the amplitude ratio between 
the voltage induced in a lonp atitenna by a 
downcoming horiiontally polarized wave, and 
the voltage induced by the same wave in a hori- 
zontal dipole mounted at the center of the loop. 
It was shown mathematically that in the pres- 
ence of grounds of medium conductivity, or 
better, this amplitude ratio and pha^e differ- 
ence remain nearly constant for varying angles 
of incidence, and for varying frequency. For 
instance, with wet soil, between the wave- 
lengths ol' 1 and 20 meters, the amplitude ratio 
varies from 6.4 to G.8 and the phase shift varies 
from 9.9" to W. These are cskulationa of the 
voltages Induced into the antinnas and do not 
take Into account the internal impedance« of 
the antennas. Assuming that the voltages, once 
they were introduced into the antennas are 
available, the report shows that the compen- 
sation requirements vary slowly with fre- 
quency; and that for various types of soil, 
except very dry soil, the ratio of the two volt- 
ages and the phase shift between them remain 
constant, provided that the antennas are 
mounted less than A/10 above the ground. 

COUPLING NET WOB K 

It was concluded that it was ntcesaary to 
design a circuit which would give constant 
phase shift, constant amplitude ratio, and good 
stability with varying frequency. Such a cir- 
cuit was designed under C-58, For convenience 
of indication a cros^ed-loop system with two 
horiiontal dipolea was used. An instantaneous 
cathode-ray indicator for bearing indication 
was employed. There were direct low-impedance 
connectioiiK between the loops and the goniome- 
ter. Kach dipole antenna was then coupled to 
the corresponding low-impedance connection 
through a aet of two balanced cathode-follower 
coupling units. One cathode follower operated 
without phssf shift aad VM other cd'h-nte fol- 
lower in the set had its phase shifted by 90°, so 
that by combining the two and changing their 
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relative gains, the output phase could be shifted 
from 0° to 90°. 

Although this coupling unit is of the type 
that pM indicated by the conclusion of the C-ia 
report, it dw» not take into account the vary- 
ing impedance of the dipole antenna with fre- 
quency and the varying impedance of the loop 
antenna with frequency. To employ the ratio 
of the two induced voltages, it would be neces- 
sary, if it is at all poeiible, to obtain these volt- 
ages, for combination, without any phase Hhift, 
or amplitude ratio shift, introduced by either 
internal impedances or external added impe- 
dances in the antenna units. 

The final proof submitted in Projert C-I9 
was a d-f test at one frequency and at one 
downcoming angle. The direction finder was 
adjusted for good resulla with the target trans- 
mitter and it is shown that the type of polar- 
ization transmitted by the target transmitter 
does not thereafter introduce any error. This 
test was repeated in Project C-53 as slated in 
their report of July 1943.'" For the purpose a 
polarized transmitter was installed atop a 90-ft 
tower. However, In the rsport of September 
28, 1943," on the problem of making the ad- 
justments with the target transmitter, it in 
noted that without the help of a target trans- 
mitter producing a downcoming wave at the 
fiequency of the transmitter to be observed, 
the various adjustments of amplitude and phase 
cannot be carried out with certainty, and that 
the practical development of such a system for 
the Armed Forces did not look promising. 

COMPARISON OF REPORTS 

The final report on C-58 contains no find- 
ings in conflict with the results of C-19, The 
report of May 28. 1943 (C-58)" states that 
the phase difference seems to remain constant, 
but a great deal of difficulty is encountered in 
checking the amplitude relationships, since 
they seen\ to vary. It is also stated in the 
report of July 1943,"' that "the phase and am- 
plilude   relationships   remain   constant   over 

long pe/iods of time and the various states of 
polarization." This finding seems to agree very 
closely with the theoretical calculations :nade 
under Project C-19. 

Since il was necessary to work for a practi- 
cal solution from the mathematical conclusions, 
it was necesscry to investigate the amplitude 
and phase relationships between the two vol- 
tages to be opposed as i: function of: (1) po- 
larization, (2) ground angle of the sky wave, 
(3) frequency, and (4) ground constanta. 

Once these relationships were proven to be 
constant, or very nearly so, it was necessary 
to deviae some circuits which could be adjusted 
easily and with certainty. In the report of 
September 28, 1943'' it is stated that a target 
transmitter is needed for making thes i adjust- 
ments. This seems to be a very reasonable 
assumption unless the ground conditions can 
be measured (which would be rather un- 
reliable, since the ground might vary over very 
large areas), and the adjustments to be made 
then calculated from those measurements. This 
solution did not seem practical for a useful 
military direction Ander. 

CONCLUSIONS 

The investigations under Project C-58 on 
compensated loops revealed a problem not men- 
tioned in the Pettit and Terman report. That 
is, the varying impedanees of the antennas 
with varying frequency and ground conditions 
effectively prevent the use of the voltages 
induced in infinite-impedance antennas to com- 
pensate against horizontally polarized waves. 
The voltages discussed in the former report 
must be assumed to exist in inflnitc-impedance 
antennas, but such antennas are not available 
in practice, Since the loop antenna's principal 
value is that it may be tuned, and when tuned 
its impedance is a critical function of frequen- 
cy, the conditions of infinite impedance for an- 
tennas in a compensated'oop system are not 
practicable. 
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CORRELATION OF D-F ERRORS WITH IONOSPHERE MEASUREMENTS 

PRIOR TO THE WAR no eoordinnted study of 
iom.sph'Tc transmission and d-f errors at 

high radio fretjuencics had ever been attompiiHi. 
Such a etutiy was desirable from the stand- 
point of determining the causes of deviations 
from great-circle transmission paths and to 
establish criteria for the presence and extent 
of d-f errorn caused by the ionosphere. 

At a serits of conferences called by Division 
13, NDBC, and beginning in late January 1941, 
plans were made for systematic observations of 
ionosphere characteristics and d-f errors in 
the range 2 to 30 mc in which waves are re- 
flected from the ionosphere. The general plan 
was to have simultaneous ionosphere and d-f 
observations at a number of poinU on this 
continent. A. a result projects were set up in 
Division 13 to implement this coordinated study. 
Numerous ionosphere laboratories furnished 
data and numerous d-f stations furnished bear- 
ing information over considerable periods. The 
work was coordinated and cleared through the 
National Bureau of Standards [NBS] to whom 
the observations were sent. 

The ionosphere reporU submitted under 
these several projects were used by the various 
branches of the Armed Forces. The establish- 
ment of channels for reception of incoming 
data and techniques for processing it led to the 
development of a service kn -vn as the Inter- 
sunice Radio Propagation Laboratory [IRPL] 
devoted to prediction and forecasting of h-f 
radio propagation conditions on a worldwide 
basis. The advantages of this work to the com- 
munications of the Armed Forces during the 
war are obvious. 

M PROJECT CIS 

The several projects in Division 13 dealing 
with the coordination of ionosphere measure- 
ments and d-f errors are C-13, 13.2-88, 13.2-90, 
13.2-91. 13-2-92. and 13.2-99. 

Section IV of the final report on Project 
C-131 will serve to show future inveatigator» in 

correlating d-f errors and ionosphere condi- 
tions what was attempted and will otfi'r valu- 
able si'ggeations as to the layout of the job to 
do this kind of work. Studied in connection 
with the final report on Project 13.2-92' and 
the bimonthly reports of the IRPL-G series 
beginning with IRPL-Gl, July-August 1944, 
the early groundwork for the present improved 
services performed may be ascertained. 

Section III of the C-13 report' descriues the 
apparatus used. Better and simpler equipment 
was subsequently developed. Section V indi- 
cates the progress of the project with applica- 
tion to radio transmission up to the date of the 
end of the project. Section 11 summarizes 
types of normal and abnormal ionosphere and 
field-intensity characteristics observed and 
shows some of these in the form of graphs and 
of continuous records of relative field intensi- 
ties over certain propagation paths. The origi- 
nal tabulations and records are on file at NBS 
and the cooperating laboratories. 

" PROJECT 13.2-92 

At the termination of Project C-13 a new 
project, 13.2-92. was instituted. The work 
accomplished under this project la as follows. 

The correlation of d-f errors and causative 
ionosphere tonditions was carried out by five 
cooperating laboratories located in Washing- 
ton, D, C, Alaska, California, Puerto Rico, and 
Massachusetts. 

The d-f measurements at all the laboratories 
were made with the Navy type DAB spaced- 
loop direction finder. This and the other equip- 
ment employed are described in the final 
report on Project 13.2-92.' Measurements were 
made on a large number of stations distributed 
in azimuth, distance, and frequency. The re- 
sults obtained on approximately thirty repre- 
sentative stations dealt with in the report show 
relationships of bearing errors, field intensi- 
ties, maximum usable frequencies, and skip 
distances,   geomagnetic   disturbance's,   absorp- 
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tion, and transmitter antenna directivity. 
Mention is made of effects of sporadie-E. 
scattering, and ionosphere disturhancea. 

The results demonstrated that deviation«, 
often in excess of 50", occur in transmissions 
received at the NBS d-f aite from atations 
located in England and Germany. The influence 
of auroral absorption zone on l>earin(r accuracy 
over these paths is analyzed and indicates that 
the ateep gradient of absorption luitween paths 
passing near and through the zone reasonably 
accounts for the effects on low operating fre- 
quencies. On high operating frequencies, the 
dropping of the calculated maximum usable 
frequency for the path below the value of the 
operating frequency seemed to account fairly 
well for the large deviations. 

Correlation was found between bearing er- 
rors and field intensities, the large errors oc- 
curring when fleld intensities are relatively 
weak. Considerable evidence that large errors 
might be predicted at times when the maximum 
usable frequencies fell below the operating fre- 
quency was also obtained. Simultaneous oc- 
currences of large errors and severe geomag- 
netic disturbances were observed on the Berlin- 
Sterling <D.C.t path and on the Daventry- 
Sterling path. Only slight evidence of geomag- 
netic disturbances on bearing accuracy for paths 
other than those passing near or through the 
auroral zone was discovered. 

The program was considered sufficiently weil 
under way at the end of the project to enable 
its being taken over by IRPL. Thus the spon- 
sorship of the project by NDRC ended June 
SO. 1944. 

" PROJECT 13.2-88 

The final report' on this contract* with 
Stanford University deals briefly with choice 
of site and const met ion. goes into detail on the 
calibration and adjustment of the DAB direc- 
tion Ander and mentions preliminary conclu- 
siona deduced from the results of data observa- 
tions. 

Calibration was accomplished by means of a 
target transmitter consisting of a small crystal- 

controlled oscillator in a metal case with a 4-ft 
vertical antenna. Measurements were madf at 
30s intervals and at 300, 400, 500, and 600 ft 
at fixed frequencies ranging between 2.00 and 
17.32 mc. Errors in bands I and II were bad. 
It was found possible to minimize these e-rors 
by redistributinp the loop inductances. The er- 
ror in every case was taken as the difference 
between the true bearing and the mean of the 
direct and reciprocal bearings measured by 
the DAB. 

Beginning March 1. 1944, after a prelimi- 
nary period of training, regular observations 
were begun on stations in areas suggested by 
NBS. These stations were in Alaska, Russia, 
Mexico, Hawaii, Japan, China, and Australia. 
Data were recorded on weekly nummary forma 
and copies sent to NBS. 

For the most part, large devialions were 
observed to occur during periods when the 
maximum usable frequency for the path was 
below the operating fr^uency of the transmis- 
oion being observed. However, exceptions to 
this were noted, especially over multi-hop paths 
in the Pacific area. 

The correlation of bearing deviations with 
field intensity was good, in that nearly all large 
deviations were accompanied by corresponding- 
ly low field intensities, although the converse 
was not always true. 

•* PROJECT 13.2-90 

The primary object ..f this projert" was to set 
up a Navy DAB unit at a site appropriate for 
proximal d-f observations, as a mean» of study- 
ing ionospheric and radio transmission factors 
of importance in the deviation of long distance 
d-f bearings. Actual operation of the equip- 
ment was carried out under contract between 
the University of Puerto Rico and IRPL. The 
final report* gives the methods of calibration 
employed, the means by which the lower-fre- 
quency bands were made to have smaller posi- 
tive errors than they originally had, namely, 
by readjusting the loop inductances as was 
done under Project 13.2-88. 

> Conlr«t  No. OEMsr-ll! 
HI, University of  Pue 

CONFIDENTIAL 



^r i:i 2-w 121 

" PROJECT 11.2-91 

Work on this prcjetf was carried out in 
Alaska, wbof« the Department of Terrealriai 
Mattnetism, Carnegie Institution of Washing- 
ton, set up a Navy DAB-3 direction finder near 
the University of Alaska. Direction finder 
measurements were made on a 24-hour basis'1 

in April 1944 and continued until the project 
was taken over in July by IRPL. Among the 
Hccompüshments were the plotting of mean 
hourly deviations from true bearings of the 
stations observed, and production of scatter 
diagram» of (1) mean diurnal bearing devia- 
tions versus mean diurnal geomagnetic K-fig- 
ure. and (2) mean diurnal bearings of observed 
stations for a mean i'iurnal geomagnetic K- 
figure of 30 (connidtred normal) on polar 
courdinatea. ahiwing the direction of their 
dev'ition from the true bearing. 

Primary conclusions from these analyses, 
which were continued after the project came 
under IRPL, waa that bearing deviations seemed 
roughly  to  go  in  the direction   of a  north- 

" OEM«r-llS], Carnegie ' Wn.hington. 

si-ath line with increasing geomagnetic K-flg- 
ure. In general it seemed thai preliminary re- 
sults strongly conflrmed the desirability of 
evaluating (iireclional bearings in -he light of 
radio wave propagation characteristics, but did 
not show much promise of isolating syatemstic 
trends to permit application of predetermined 
correction factor« for general use. 

" PROJECT 1.1.2-W 

As in the other projects of this series, a 
DAB direction finder was set up. this one near 
Cambridge, Massachu^:-,'s, by Harvard Uni- 
versity, and bearings were taken en the re- 
quired stations, the data" being submitted to 
the Bureau of Standards. In addition plans 
were prepared for conducting sweep-frequency 
ionospheric observations by automatic equip- 
ment. Thin involved the construction of the 
necessary equipment. This project" waa taken 
over by IRPL at the termination of the NDRC 
contract. 

■..ntn, No, OEUBr-m2, Hsrvsrd UnivemUy. 
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MISCELLANEOUS DIRECTION-FINDER RESEARCH 

SEVERAL PROJECTS imdpr the superviaioii of 
Division i:! carried out certain tecnnieal 

work on direction finding which ia not con- 
vumently or logically placed in one of the other 
chapters of this volume. This work ia sum- 
marized here, to complete the record. 

"        TESTS ON DlRKCTlON.FIMtKR 
SYSTEMS—PROJECT IMU 

In July 1945 Section 13.1 of Division 13 set 
forth the general thesis that standards for d-f 
Hystema should be worked out so that the 
iidi>ptici[i of suitable standardiied procedure 
(of testing d-f systoms) will result in simplifi- 
cation of correlation of data when two or more 
din-ction finders are to be compared. At the 
lime, t'ie Servieea were employing a wide 
variety of direction finders, differing in respect 
lo their collector aystems. bearing indicators, 
and methods of reaolving bearing information 
The frcfiuency band coverage included all com- 
munication frequencies from very low through 
ultra-high frequencies. 

A conference of representatives of the vari- 
ous Service laboratories with members of Divi- 
sion 13, NORC, set up proposed test procedures. 
Central Communications Research, Cruft Labo- 
ratory, Harvard University, was assigned the 
task- of investigating the practicability of the 
proposed procedures by applying them to exist- 
ing d-f systems and, at the clo^e of the war 
with Japan, four Army units, SCR-502, SCR- 
503, SCR-651 and a developmental model of 
CRD-2, and a Navy DAB installation had been 
set up by the laboratory staff.' Some measure- 
ments had been made and arrangements were 
completed for continuing the work actively 
under u Navy contract. 

A survey of existing airborne d-f systems 
for high trenueney. very high frequency, and 

l Nu. ÜEM»r-l«l. 

ultra-high frequency was conducted under 
Project 13-109 and the revised final report' 
give« the result of thin investigation together 
with recommendations for future work. The 
report gives frequency range, present status, 
type of indication, type of antenna, weight 
wind drag, power consumption, and special 
features for the following direction finders: 
homing equipment; RC-138-T], AN/ARA-S, 
AN/APD-1. M-3100, and C-1900: manually 
rotatabie AN/APA-24; automatic direction 
finders DBH. DBA. CXGJ-2, CXCJ-B, CXHT, 
CXHM. CXGG-2. CXGL-2. M-2300, M-3000. 
and M-4500. These instruments cover the fre- 
quency range from 0.25 (o 5,000 mc. 

RECOMMENDATIONS FOB FUTURE WORK 

At the  time   the   report   was   written   no 
existing equipments covered the lower portion 
of the radio spectrum. Two pending develop- 
ments included frequencies just above 2 mc, 
the DBA and DBH, hut these were designed 
primarily for shipboard installation, and it 
was only the expressed need for airborne auto- 
matic direction finders for high frequencies 
which prompted the Naval Research Labora- 
tory to suggest that these equipments might 
be satisfactory for aircraft installation. 

Previous experiments in airborne h-f direc- 
tion finding, aa well as knowledge of the re- 
radiation characteristics of aircraft discour- 
aged the installation of h-f direction finders 
with 360° bearing indication as airborne equip- 
ment. The likelihood that the DBA or DBH 
installed on aircraft will give good accuracy 
waa not promising. 

Homing-type direction finders operated 
satisfactorily at any frequency on an aircraft, 
yet this survey reveals no homing direction 
finder exiating or under development for fre- 
quencies below 18 mc. This was probably not 
due to electrical difficulties in the design of 
such equipment, but to the fact that the Ser- 
vice found major difficulties in using homing 
direction   findera   for  obtaining  bearings  un 
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distant signals. To take a bearintc with a 
homina- direction iindpr. the plane's heading 
had to he varied, an 1 at the time the bearinir 
was taken, the plane's heading and positiim had 
to be recorded. This procea« was eotisidercd 
unduly tonfusinit for the navigatiir. When the 
homing direction finder was employed to home 
ti within visual sight of a transmitter, this 
difficulty did not arise, and it was for such 
purposes that the homing direction tinders in 
this list were probably intended. 

Even In the lower very high frequencies, it 
was expected that the aircraft structure would 
eauau serious errors in any direction Under 
which provided indication for 360''. It was for 
this reason that the accuracy of the CXCJ-S. 
CXGJ-5. and CXHM was doubtful in the lower 
portion of their frequency range. 

From 100 mc upward, gaps in coverage by 
automatic direction finders appeared to be due 
only to lack of sufficient Service interest in the 
past. Upon completion of developments under 
way, the only  fmiuencies between  100 and 

5.000 mc not covered by airborne automatic 
direction finders would he from 160 to 225 mc, 
and the manually rotatable C-2100 covered this. 
There was a niwd fur an airborne unit to cover 
100 lo 156 mc which does not have the large 
wind drag of the CXGG-2, 

Above 6,000 mc there appeared to be no 
development problems peculiar to airborne 
equipment, and any system which would oper- 
ate on land or m shipboard could be adapted 
for airborne installation. 

It appeared that new approaches were 
worth consideration for developing automatic 
direction Anders in the frcQueticy band from 
2 to 30 mc, where there was need for equip- 
ment which could take bearings on communica- 
tions transmitters without the difficulties in- 
herent In homing direction finding. 

Prom 30 to 100 mc. there was a similar 
though somewhat less pressing demand for 
automatic direction linders. Provided the 
CXGJ-2 proved satisfactory, research was in- 
dicated only in the h-f band. 
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UHF RADIO-SONDE DIRECTION FINDER 

Ad. 

HtveUipnient of ■ simple diruclion fln 
fl.tht of meteoraloKlcBl bslloa 
antfnn* and   n   sinif]«Dipole  • 

awufllry of )i'   in deWmiinulion of siimuth «nil frnm 
0"  to ■ few degre« in elev»tion  «aa atltined when 

ine on  1S3  Mb   Gold pitting the  reflector wir« Im- 
proved tho ihielding of the reflector nwterinlly. 

" OBJECT 

To MEET the need for u Himpli* and dopendnble 
method for obaervin? the flight of meteoro- 

loftM) balbona under any and all weather eon- 
ditions. a simple, easily portable radio d-f eijuip- 
ment was developed/ The instrument meaa- 
ures both the azimuthal and the vertical bear- 
intts of a small radio transmitter sent aloft on 
balloons, thus avoiding the problem» incidental 
to the maintenance and synchronization of two 
Kround stations which would be necessary if 
only the azimuthal bearings were observed. 

" APPARATUS 

The transmitters employed as a source of 
signals for the experiments are the type used in 
radio-sondes. They transmit a vertically polar- 
ized wave siKnal at 183 mc. 

The radio direction finder is comprised of an 
Adcock antenna for measuring azimuthal 
angles and a single dipole antenna for measur- 
ing vertical angles shielded with a comer-type 
reflector to make the dipole free from the effects 
of ■•eflected waves from the ground. Thr reflec- 
tor system is in fact a secondary radiating sys- 
tem which, when placed in an electromagnetic 
field, produces a secondary radiation field such 

■Project C-33, Contract No. OEMir-ZIT, Cutitarnls 
Inititute of Technulocy. It is undentood th»t. « radio- 
sonde d-f »yslem develojied Independently hy the Air 
Forces made il unnecesii.ry for the Signal Corps to do 
«ny more work on the irslrumenl developed under this 

that, when properly orienttvl and placed with 
respect to the dipole, it neutralizec the effect of 
the original field at the dipole, 

A simple sketch of the instrument is shown 
in Figure 1. Referring to the figure, the ele- 
ments marked 1 and I', which are self support- 
ing rods of duralumin or other suitable ma- 
terial are each A/4 long. Rods 1 and 1' are co- 
axially supported, with their adjacent ends 
spaced approximately I cm apart, by insulating 
Hupports 2, which are in turn supported by the 
tubular spacer 3 so as to maintain the rods 1 
and 1' in a plane normal to axis -V-,\" with the 
pairs of rods parallel and spaced A % Rods I 
and 1' have their inner ends connected toKether 
respectively by the line 4. This assembly is a 
directional antenna of the Adcock type, and is 
used to determine the azimuth of the incoming 
wave in a manner to be described later. 

Rods 5, similar tj rods 1 and V, are similarly 
coaxially supported by insulator 6. Rods 5, 
constituting a dipole antenna, feed the line 7. 
The dipole 5-6 together with the shield 8 con- 
stitute the antenna assembly for the determin- 
ation of the vei tical angle of incidence of the in- 
coming wave. 

The shield S is of the corner-re flee tor type 
which shields the dipole from reflected waves 
from ground without impairing the receptive 
and directive characteristics of the dipole in it« 
reception of the direct waves from the trans- 
mitter. 

The reflector wires 9. approximately 0.6A in 
length are supported so as to be mutually 
parallel, and at the same time parallel with the 
dipole 5-5 in two pbinea, whose intersection is 
the line D-D'. The included angle between the 
planes ABC U GO". The dipote 6-6 lies in a plane 
which bisects angle ABC at a focal distance p 
of slightly greater than \/2 from the line D-D' 
and parallel thereto. The reflector wires should 
not be more than A/60 apart, and preferably 
closer. 
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The two antennas are con i cted tlinmRh 
their feed line» 7 and 10 to a d-p. d-t switch, of 
suitable design for the frequencies employed, 
permitting connection at will of either antenna 
to the line 12 which feeds the receiver 13. Line 
JO connects to the electrical midnoint, which is 
alfo the geometrieal midpoint if carefully con- 
structed, of line 4, Lines 4, 7, 10, and 12 are 
made with two parallel No. 18 copper wires 
separated by victron spacers. 

The two antenna Systems are so mounted as 
to be rigidly held in fixed positions relative to 
each other and constitute the directional an- 
tenna assembly. The axes X-X\ Y-Y'. and Z-Z' 
intersect at angles of 90° each with the other. 
The dipole B-5 is parallel to axis -VOT. Lines 7. 
10, and 12 have a length of A. 

The directional antenna assembly may be re 
tated about axes T-T and Z-Z'. One means o' 
turning and controlling the rotation of the as 
sembly about axis Z-Z' is illustrated where the 
worm reduction gear 14 is turned by means of 
the hand wheel 15. Rotation about axis Y-Y 
may be produced manually or by some mechani- 
cal device. The aniTJlar positions due to rotation 
about axes Y-Y' and Z-Z' may be indicated and 
measured by any suitable »yatem. The «imple 
device shown in the drawing consists of a 
graduated (juadrant 16 and fixed pointer 17. 
The fixed graduated circle 18 and Ha associated 
pointer, 19, indicate and measure angular rota- 
tion about the Z-Z' and Y-Y axes respectively. 

The complete unit is shown mounted upon a 
tripod, 20, so that the receiver, 13. is one wave- 
length above ground. For best rcsulls the axis 
Z-Z' should preferably be more than two wave- 
lengths above ground. 

The superheterodyne receiver 13 has an out- 
put meter to indicate the signal intensity and a 
pair of earphones for audible indication. It 
must be well shielded to eliminate stray pickup. 
The receiver is supported by a tubular support 
21, so that it rotates with the antenna asBem- 
bly as an integral unit with it, and definite 
advantages result since it makes better shield- 
ing possible and there is no possibility of the 
charactemties of the transmission lines being 
altered even though the assembly Is continu- 
ously rotated in the same direction. In tins way 
the relative position of the operator with re- 

LTS  Ig? 

spect to the two antenna systems will remain 
unchanged during operation thus eliminating 
any error in the measurements caused by the 
chanidng position of the operator with respect 
to the antenna system. 

Various types of reflector systems were 
tested as shields of a dipole antenna from 
ground-reflected  waves when used to measure 

//? 
♦   > 

u     ! 

H 

wilh 00' ou-tier reflector upBced X/M. 

the elevation angles of incoming electromagne- 
tic waves. A single rod reflector, rpflector and 
director combination, eylindrically parabolic 
sheet or win reflectors, cylindrical sheet or 
wire reflectors, and corner reflectors were ex- 
amined. 

Tic corner reflector in conjunction with a 
'Iiuvle A/2 dipole was found to be most satis- 
factory for the purpose. Figure 2 is a polar 
diagram of the strength of the received signal. 
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in term» of \he i-f voltaite on the plate of the    Figure 2. Curve C ahows that thp shielding is 
last i-f stajre of the receiver, for various hori-    quite effective and fairly uniform. 
znntal angular nettings of the shield. The circle        !n Figure -1 are shown respons   curves indi- 
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represents the uniform signal received without 
any shield. Maximum shielding is shown where 
the open side of the shield is 180" from the 
transmitter. In this setup the A/S antenna and 
the reflector remained vertical, and the reflec- 
tor was rotated about the antmna. The curves 
»how the results for difftient focal distances /' 
at a spacing of A/60 between reflector wires. 

It was found that a focal distance of 86 cm 
gave the hest resulis with a good ratio of shield- 
ing to ghin as the reflector was swung through 
180'. Representative curves A, B, and C show 
the response for /J'S of 85, 86, and 100 cm 
respectively. 

Figure 3 shows the results of tilting the A/2 

antenna with and without the shield, toward a 
stationary transmitter located on Mt. Wilson 
(about 7 miles away) about a horizontal 
axis. Curve B is the response of the antemia 
alone without any shield. Curves A and C are 
with the shield In place facing towai-d the 
transmitter, and opposite to it, respectively. 
These positions cm-respond to the respective 
angles of 0" and 180° in the polar diagram, 

H_ 

—. ~J™"^S> f/^1 * N.B 
t /-' 

^5*^-^ ^' r^ 
y 
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eating the effect at the length of the wire ele- 
meata of the reflector at A/7,5 spacing on its 
shielding projiertiew. Because uf the congention 
of the curve« near Hie zero-anF'e region, only 
representative curves are drawn in the figu.e. 
It is seen that beat shielding occurs at the 
length of 0,66A. This value was used as the 
optimum length of the wire elements in the 
later experiments on Ihe wire «pacings of the 
refl-ctor. 

cock antenna and other metal supports of the 
innlrumimt. 

Experiment« made with an incoming radio 
wave emitted from a trnnsmitter al Ml, Wilson 
at a vertical angle of 7:,i" showed 'hat with- 
out the reflector the deviation from the true 
direction is over 22', while with a reflector of 
A'30 spacing the dflviation reduces to about l': 

(see Figure 7), From Figure 7 it is seen that 
for a V80 spacing the null point is much 
sharper.   It in to be remembered that at this 

n Figure 6. 

Figures 5 and 3 show the effect of wire spac- 
ing on the shielding properties of the reflector. 
It is seen that the closer the spacing of the wire 
elements, the batter i* the shielding, although 
it is not too critical when the spacing is smaller 
than A/7.6. Nonetheless, A/60 spacing seems to 
be the best in the group. 

These tests were all made close to ground. It 
was later found that the results thi". obtained 
do not quite hold when the corner reflector is 
mounted on the instrument at a height of 3A 

above ground, and in the vicinity of the Ad- 

gta^ing angle of 7HC'. the intensity of the re- 
flected wave from the ground i« extremely 
strong. This suggested the necessity of further 
decreasing the spacing and the results shown 
in Figure 8 using A/120 and A,'240 spacing are 
quite satisfactory. In both cases the deviation 
is only W which is of the same ^rder of mag- 
nitude a« the experimental error of the instru- 
ment. It is also seen from Figures 7 and 8 that 
the «mall humps which appear in the case of 
larger spacing« are i moothed out in the case of 
A 120 and A/240 «pacings. 
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USE OF COFFEE SCREENING AS SHIEUJ 

For the A/60 spacing there were about 120 
wires which had to be individuallv fastened into 
proper plac with the right spacing, and for a 
A/240 spacing there were 480 wires fastened on 
to the reflector frame- Some difficulties were 
experienced in putting on and changing all 
these wires on a light wooden frame with the 
spacing so close and yet without the wires 
touching each other, when they had to be fast- 
ened on to the reflector frame which is about 
20 ft above ground. The A 240 spacing is al- 
ready so ckse thflt further decreasing of the 

II can be seen from Figure 9 that the more the 
wire screen is cut, the better is the ahielding. 
This shows that the presence of the horizontal 
members of the wire screen decreases the effect 
of shielding. 

Different aiies of wires and tubings ranging 
from No. 32 wire to 1/4-inch tubing were tried 
as the reflecting elements and no appreciable 
difference in the efficiency of the shielding prop- 
erty of the reflector was observed. 

DETERMINATION OF AZIMUTHAL AND ELEVATION 

ANULES OF AN INCOMING WAVE 

Directional measurements were made on in- 
coming waves emitted either from a stationary 
transmitter located on top of Mt. Wilson 7 miles 
away, or from a transmitter sent aloft on 
meteorologicai balloons. 

Table 1 shows the results of azimuthal meas- 
uremeiita with the Adcock antenna made in an 

TABLE 1,    Aiimulh«! sntrlf« mpMUr.^d by Adtock 

in Ulli» L ub*rrv«tioti 

spacing is impractical in the present method of 
mounting. In view of thm fact shielding prop- 
erties of flne copper wire screen were experi- 
mented. Figure 9 shows the response curves of 
the reflector using various numbers of pieces of 
copper wire screen as the reflecting elements. 

open field with the transmitter supported by a 
captive balloon. This illURtra'ea the indepen- 
dence of the aiimuthal measurements from the 
vertical incidence of the incoming wave. The 
last three low-angle measurements were mude 
at different times, at different loeatione, on the 
Mt. Wilson transmitter. The accuracy obtained 
in the aiimuthal measurements is within y*". 

Repeated measurements made on the eleva- 
tion angles of the direction of the incoming 
wave emitted from a tranamitter on top of Mt, 
Wilson are within H" from the true direciion 
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(whose true elevntion anj(le i« ?&•). Observa- Table 3 ahows the measurements made on the 
liima were also made on transmitter« sent aloft elevation angles when the reflector was re- 
on eaptivo balloons at various altitudes and ele- moved. This demonstrate« the trreat deviation 
sation anirlea. The results of these rjhsurvalions 

made at various times are shown in Table 2. TMUJ; .1.   Me«su.i;menu of eiev.tion snaie- with- 
out -eflwtur. 

■nKle« hy a Drii-nmm.i l,v [|i|ii>li « 

H 72 

in the readings from the true direction caused 
by ground-re fleeted waves. 

While some of the result« of the elevation 
annles obtained by using the direction finder 
are very good and agree within Vi11 with the 
readings obtained visually, there are readings 
which differ f|uite ipprwiably from those meas- 
ured visually. This is probably due to thu fact 
that the antenna swings badly, changing the 
plane of polarization of th^ incoming waves. 
This in turn affects the magnitude of the emf 
induced in the receiving antenna and causes the 
fluctuation in the output of the receiver. When 
the indicator needle swings badly, it is hard to 
determine the null point with any accuracy. 

EFFECT OF SHIELD OXIDATION 

Another factor responsible for the deviations 
in the readinjts which so-netimes amounted to 
as much as a few degrees is probably the de- 
crease in the efficiency of the shielding system 
on account of the formation of a poorly con- 
ducting layer on the surface of the copper wire 
elements. This layer is due to oxidation, caused 
by the constant exposure of the shielding sys- 
tem to various weather conditions. Since at 
ultra-high frequencies, practically all the cur- 
rent flowing in the wire is concentrated on the 
surface of the wire, any contamination of the 
surface will decrease the eftkieircj- of the wire 
elements in their secondary radiation. This is 
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especially important in  the present case be-    neers usiny fixed and movable tarttet tiansmit- 
cause the serondary radiation field due to these    ters which w 

the laborator i to neutraliie the effect of the 
trround-reilected wave« at the antenna. Any 
deterioration in the elllciency of the shieldinx 
system would decrease the intensity of the sec- 
ondary radiation field thus causing- the effect 
of the ground-reflected A'aves atill to be mark- 
edly noticeable at the untemia. 

10 

building» or carried around by 
an Army jeep un Ihi^ field. The results obtained 
were ijuite satisfactory. Later a free balloon 
fliKbt with a buwer-modulated transmitter was 
made and the fiight lasted almut half an hour 
with a range of approximately 25 miles. The 
IVHUIU (ibuint-d show that an error in both the 

i 
I 

■ 

UIWTH   OF   mtnt -O.M>. 

/                           ^*->   ,.''' 
" \   / 

/ 
 WITHOUT   WFLECTO« 

 OLD   REFLECTOR 

• \/ 

\ rff x~^ x^> 
VERTIGM. «MOLE   FROM HORIZON IN DtGRLES 

'rcfRF 10.    EtTevti of gnld plating th« rellectnr. 

A new corner-type reflector was made of No. 
30 copper wire which was (ro!d plated. Teats 
made ueinif the new reflector on an inconimi; 
wave from Mt. Wilson show a marked improve- 
ment over the old reflector whose elements had 
been badly oxidized. This is shown in Figure 10. 

EXPERIMENTS MADE AT FORT MONMOUTH 

The directitin finder wa.i shipped to Fort 
Monmouth September 18, 1942. where it was 
set up on the ground in front of one of the 
laboratory buildings of the Signal Corps Field 
Laboratory No. 2 at Katontown. N. J. Exten- 
sive testa were made by the Signal Corps engi- 

aumuthal and elevation angles ranged from 
Mi" to 3i/a0. 

During one of the flights, the theodolite ob- 
server lost the balloon in a heavy cloud bank, 
but 26 minutes later the balloon was relocated 
in the theodolite with the help of the Bettings 
obtained by the direction finder. 

It is believed that by using proper damping 
devices to keep the antenna from swinging ap- 
preciably during the flight, by properly shield- 
ing the transmitter and by further increasing 
the efficiency of the reflector system such as by 
decreasing the reflector spacing, etc., the ac- 
curacy in the determination of the elevation 
angles can be greatly increased. 
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DEMOUNTABLE SHORT-WAVE DIRECTION FINDER 

taneo 
Ksily   i 

belntr em'toil ii 
table 

mt <3CK-5I)£) giving Initt 
la in the reglun l.fi to 30 r 
n  ArnijF 1 

h wave cnllprtoni 
 1 a> poMiblc, the cithoi 

riy   fucillr.wope   pattern!   which   »hnw   bearing   a 
giving IndlcMion of the quality of the bearingi  a 

(SCR-20I)  thii apparatun was widely used by the > 
Tranaport Servi«.1 

" IfSTROIKJCTION 

AT THE TIME this project- wa» started, the 
/\ principat »hort-wave direction ftnder in 
use was the elevated H Adcock system. It was 
manually rotated by the operator and employed 
aural null indication. A typical device of this 
type was the SCB-551-T1. Some preliminary 
work had been done OD a fixed iand-staliun 
direction finder for these frequeiieies, deaig- 
nated the PAJ. and made for the Navy. No 
portable short-wave direction finder was avail- 
able which would give reasonably accurate 
Ueariiur« under conditions of sky-wave recep- 
tion, principally because of errors caused by 
horizontally polarized components of the re- 
ceived siirnal. In a large number of cases it was 
impossible to take bearings with existing sys- 
tems because of the inability of the operator to 
follow the null mechanically. Tests on an ele- 
vated H Adcock showed that its performance 
was greatly affected by ground conditions and 
that the order of balance required tu secure pro- 
tection against horizon tally polarized waves 
was beyond all practical limits. 

The DAJ equipment showed that it was pos- 
sible to secure materially improved results by 
using cathode followers at the antennas itiid by 
burying the cables to reduce the effects of cur- 
rent in them to a small degree. 

" ACCOM PLISHMEMS 

The SCB-602, a two-band system covering 2 
to 30 mi' and which was produced in Quantity 
as a single-band system for 2 to 1Ü mc (SCR- 
291), gave bearing accuracy of 2 per cent on 
perhaps 75 per cent of the received signals 
when the apparatus was properly set up, the 
octantal error corrections made and the opera- 
tor trained to its use. 

Compared lo existing systems, the SCR-&02 
had a great Improvement in accuracy, gave the 
operator the ability to see the nature of the 
signal and to interpret its probable worth as an 
indication of bearing, and was reasonably port- 
able since it could be set up in about 2 hours 
on a suitable level site without the necessity of 
burying any rabies or indulging in airplane 
calibration procedures. It was comparatively 
easy of maintenance beci.use of the cathode fol- 
lowers separating the antennas from the con- 
necting cables to the »pparatu.s. 

The principal characteristics and advan- 
tages of the system are: 

1. Bearings can be taken on very short sig- 
nals. For instance, a good bearing can be 
taken by an ordinary operator in 2 seconds 
maximum (including sense finding). 

2. The reliability of the bearing is known. 
The indicator shows whether the signal is 
mixed with interference or with other signals. 
It shows if the bearing is steady and reliable, 
or shifting due to prop-tgation conditions. 

3. The signal is audible during the taking of 
bearings. 

4. The accuracy is independent of the fre- 
quency within the limits allowed by the quality 
of the antenna and goniometer designs. 

5. Only one receiver is used in a conven- 
tional manner. The receiver differs from a 
standard type in that the input circuit is de- 
signed lo match the balanced output of the 
goniometer and the output of the  rectified  i-f 
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circuit is cuiinected Irj tht external ostilliiscnp!: 
amiilifier. 

8. Remote iudk-atiuii ia jMiasible. An osdllo- 
acope indicntor installed al a distance will indi- 
cate the same imagi.' as the oritfinal. The trans- 
mission can be effected on two wire line pairs. 

7. Sensitivity of the direction finder fnr a 
selectivity of 3 ke and a nifrnal-to-noise ratio of 
8 to 1 varies hetweon 6 and 12 pv per meter 
within the frequency ransre covered. Under 
these conditions, a good readable pattern is ob- 
served on the indicator so that an inexperienced 
operator can take a ((earing accurate to within 
2 per cent and an experienced operator can take 
a bearing accurate to within 1 per cent. Cor- 
rection curves of the system installed at a 
proper site are not larger than   ti degrees. 

The sensitivity on sense is the same as on 
direction finding; on downcoming waves with 
elevation angles up to 30,J. the sensitivity U 
practically as indicated above; half the above 
figures hold for angles of 45" and one-duarter 
the values for angles of 60". 

8. Polarization errors as measured by means 
nf a transmitter on a 90-ft tower are no larger 
than those of the best fixed antennae that 
could be installed. The monopole antennas are 
25 to 50 times less sensitive to horizontally 
polarized waves than to vertically polarized 
signals. Standard wave errors are of the order 
of 1.6 tu 3^ maximum. 

9. Installation of the complete system plus 
adjustments requires 47 man hours; a trained 
crew of five men can place the direction finder 
in operation in two to three hours. 

"    DESCRimON OF THE EQUIPMENT 

The direction finder comprises: 

1. Two sets of five monopole vertical an- 
tennas, only one set to be utilized at a time with 
the corresponding set of transmission lines. 
One set covers the range 2 to 10 mc; the high- 
band coliectors covering- the range 10 to 30 me. 
The two wave collectors differ in the spacing of 
the receiving elements, and therefore, in the 
lengths of transmission lines and the dimen- 
sions of the ground mats. 

Each set of wave collectors comprises four 
fixed monopole antennas used in conjunction 
with a crossed-coil goniometer plus a fifth re- 

ceiving element identical to the four other» of 
the group, installed in the center of this group. 
This fifth element is UMd for sense tov&ing. The 
two wave collectors can lie installed in several 
ways providing a minimum distance of about 
60 yards exists between the two, 

2. Two remote motor-driven gonlometon in- 
stalled in the field near the antennas and di> 
signed to opieiatc in the wave range of each 
antenna. 

3. A receiver covering the enlire range in 
several bands. 

4. A CRO indicator, 
5. A power-supply system ne. mally designed 

to be operated from 110 volts alternating cur- 
rent; if this current is not available the equip- 
ment can be operated from a storage battery 
feeding a rotary converter, although the bat- 
tery drain is 'ligh. 

6. A remote indicator, all electronic, repro- 
ducing at a distaree of 7.5 miles the pattern 
obtained on the local indicator by means of two 
W110-B type field wire lines. 

The receiver, indicator, and power-supply 
circuits are installed in e trailer. This trailer is 
arranged to carry all parts of the antennas, 
reels of cable, ground mats, and electronic 
equipment. 

M PRINCIPLE OF OPERATION 

The signals received by a wave collector made 
up of five receiving elements are converted to 
balanced outputs by cathode followers, mixed 
and scanned with a goniometer, the search coll 
of which is rotated by an electric motor at a 
constant «peed of 30 rps. The signals are then 
amplified and rectified in '.he receiver. 

The output circuit is arranged »o that, in the 
absence of signal, a continuous current is ob- 
tained. The presence of the signal carrier re 
duces the current, which approaches zero for 
signals of sufficient amplitude. The output cur- 
rent is applied to a defiection coil system which 
rotates about the neck of the oscilloscope syn- 
ch mnously with the search coil of the goniome- 

In previous designs the goniometer was in- 
.nslled on the same shaft as the rotating coil, 
thus avoiding the synchronisation problem, In 
this desiim. the gnniomeler is remotely rotated 
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by a synchronnuB mutor und the synchroniam is 
automatically controlled. 

In the absence of signal, the deflected spot 
traces a circle on the screen. In ,he presence of 
siitr.Hl, the defiectiun is decreased and the spot 
lend» to come back to the renter of the screen. 
Because of the synchronization with the search 
ceil, a fixed imatre like a duuble arrow, which 
can be sharpened ur Rattened depending on the 
amplitude of the carrier current at the detector, 
is seen on the CRO screen. 

Sense indication is obtained as follows: the 
central antenna is connected to the output 
transformer of the goniometer through a high- 
frequency line. The resulting cardioid diagram 
or one intermediate between c ardioid and figure 
eight causes an image as shown in Figure 1 to 
appear on the screen. To make the sense read- 

ing easy, the position of the figure on the screen 
is rotated 90° by connecting the output of the 
CRO amplifier to another set of deflecting coils 
displaced 90° with respect to the normal set. 
This operation ia performed by a relay at the 
same time as the   —' from the central recciv- 

WAVE UIBKITION  fINPEH  

ing element is applied to obtain a unidirec- 
tional diagram. 

The CRO indicator used locally (type AS) is 
highly accurate. The remote indicator (type E) 
It less accurate but performs satisfactorily the 
operation desired. 

*■**   Operation  of llie Hemote Indicator 

At the main station a pulne is generated 
synchronously with the rotation ot the type AS 
indicator. This pulse, sent over one of the tele- 
phone lines to the remote indicator, synchro- 
nizes an oscillator which ia used to produce a 
circle on the CRO screen. The diameter of the 
circle is controlled by the coupling tul« bias, 
which is modulated by the output current of 
the receiver sent on the second telephone line. 
A pattern similar to that observed on the type 
AS indicator is produced on the remote indi- 

A voice telephone circuit can be connected to 
the first line. 

The remote indicator is locally supplied with 
power not required to be exactly of the samp 
frequency as at the main station. 

•" Wave Coileelors 

Quite a number of antenna systems were 
studied before the one used in this system was 
selected. Vertical- and horizontal-spaced loops 
were compared with the well-known vertical- 
spaced antenna system and it was found that, 
for efflcienoy and sensitivity, the mono pole an- 
tennas were much better. 

However, when using conventional monopole 
antennas, with or without solid ground mat, 
and with tlirecf shielded crossed connection be- 
tween each pair of antennas (buried or not), 
the results obtained with respect to polariza- 
tion errors were rather poor, 

A thorough study of the operation of the 
monopoles showed that the direct connection 
between antenna bases through a solid ground 
mat of small dimensions, or through the shield- 
ing of the cross-connecting line was responsible 
for a very large part of the polarization errors 
observed. 

Therefore, a new system of connection was 
established, in which the lines approach each 

am'iDt.NTiAL 



CRINr.ll-I.H oy OPKHATH» 139 

pair ot' moiiopules al »n angle of 90° from the 
position of the cross-connecting lines employee! 
in the old designs. 

If, now, the two parallel lines leaving one 
antenna pair are prolonged tu infinity, no 
parasitic induction will take phice at the null 
point for any polarization of the sky wave. 

However, a practical length of these lines 
Ijefore cross connection has been found to be 
twice the spacing between monopules. There- 
fore, the iines and cross connections have the 
shape of a U lying on the ground. 

Study also showed that; 
1. Independent ground mats of a radius of 

about 20 to 30 per cent of the height of the 
monopole are the most Katii«factory. The use of 
a solid ground mat of small dimensions im- 
mediately jeopardizes the iruality olitained with 
the L' connections. 

2. The connection of the munopolew as ex- 
plained above, with cables lying on the ground, 
gives mucb better results than direct cross con- 
nections even though the latter are buried 12 ft 
in the ground. 

The monopolcF are coupled (o the high-fre- 
quency lines throigh coupling unit« made of a 
cathode-follower phase-inverter circuit.  In this 

h Only one tube is used to transform the un- 
baiaticed input  into a  balanced output. 

2. The circuit efflcicntly transfers energy 
from the antenna to the low-imped a nee line, lor 
any value of the antenna impedance through- 
out the rather large band required. 

3. The same coupling unit is used for fre- 
quencies from 1 to 30 mc. 

4. There is a loss in the voltage transfer 
from antenna to line of about 5(1 per cent, but 
a gain of power transfer of over 20 db. This is 
in excess of an ideal transformer. 

5. Tube noise is negligible due to the de- 
generation present. In this respect the circuit 
works like a transformer, the fluctuation noise 
still being originated in the first circuit and 
tube of the receiver. 

6. Any length of high-frequency line can be 
used due to proper impedance matthing al the 
transmitting end. 

7. Due to the amount of degeneration and the 
absence of voltage gain, the transfer is quite 
stable and the d-f operation can be performed 

in spite of supply voltagi! variations as great as 
15 per cent, 

Ag a whole, Lhis caw means of coupling the 
antenna to the lines, jointly with the new sys- 
tem ot U cross connection between antennas, 
represents a complete redesigning of the old 
Adcock antenna. 

The use of a remotely rotat ! goniometer 
requires the use of only one high-frequency line 
between the goniometer and the trailer con- 
taining the equipment, with consequent reduc- 
tion in the problem of balancing the electrical 
lengths of the cables. 

'■'* Sense Cireuit 

Determination of sense has always been a 
delicate feature of the old Adcock systems, espe- 
dally when the frequency band was large. Am- 
plitude a.iü phase adjustments were needed, 
and the results were doubtful and required too 
much time. A new sense circuit has been de- 
veloped which does not require an extra ampli- 
Oer, tuned circuit, or phase and amplitude ad- 
justment. In this new circuit the sense mono- 
pole antenna is connected to cathode followers 
each of which is connected through a trana- 
mission line to a common dummy goniometer. 
The secondary of this goniometer is coupled to 
the secondary of the normal goniometer 
t'irough a sense relay. The dummy goniometer 
is electrically equivalent to the rotating 
gonioraeter. Its purpose is to introduce within 
the frequency band a phase shift exactly equal 
to the phase shift introduced by the nortnal 
goniometer. The two transmission lines are of 
different lengths; the difference being elec- 
trically just equal to the spacing between the 
two monopolea of one directive antenna pair. 

The result ia that the phase of the sense an- 
tenna signal is shifted by exactly 90° through 
practically all the frequency band that the di- 
rtctive monopoles can cover. Moreover, the 
amplitude of the signal from the sense antenna 
is automatically equal to the amplitude of the 
directive sigrii for all directions and fre- 
quencies without adjustment. This sense circuit 
avoids any «ensc-circuit niodificatiun of a stand- 
ard commercial receiver in its use in the d-f 
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Stand-by meptiun is provided by cutting off The cable layout and the area covered by a 
the plate voltage of the coupling unita of the two-wave d-f Mystem of this type are shown in 
four  directive  monopoleo,   leaving  the   sense Figure 2.  Other arrangements of the two «n- 
miii'uiKik'üperatintt alone. tenna systems may be employed provided that 

■■"" •"'•■ 

% 

t 

| 
• V-ff^- 4** 

Jh. 

Fionw; a.    Dimenniuni. of jn-ounH n 

The goniometers are of low irapedante and 
without shielding between primary and sec- 
ondary. They are connected to the receiver 
without slip ring«, through H rotating couplinK 
transformer. 

a minimum distance of 60 yards exists between 
them. To make the antenna installation easy, 
a small compass and transit on a tripod are 
furnished, together with chains of fixed length 
to determine the spacing between monopoles. 

CONFIDE-NTIAI. 



A relay in thu couplinR unit shorts the an- 
tenna to itround in absence (if plate current sn 
that any parasitic reception cominn from this 
antenna ia avoided, thus permitting a quick 
check-up of the individual anU'nn:iB, high-fre- 
quency cables, etc. 

The ground mat« (Figure 3) are made of 
flexible copper screening material. The dlmen- 
lions are fairly critical. 

The high-frequency lines are flexible solid 
diekcthc in type, balanced, shielded and 
vinylite covered, made up of two coaxial cables 
of about 60 ohms impedance, They can be 
operated in all conditions of humidity or under 

"*■' Guniuineter Drive Unit» 

The goniometem (two of which are required 
for a two-wave collector system) are remote 
from the antennas and are contained in a 
goniometer drive unit which alpo comprises a 
aynchronoui motor with synchronizulion con- 
tacts and a junction box for connoting the ar- 
ray to the o|>erating equipment. The relay for 
connecting the sense antenna line to the pri- 
mary of the goniometer output transformer is 
also placed in the goniometer drive unit. 

■*• Synchroniultun System 

The synchronous motor rotating the gonio- 
meter can take four different positions with 
respect to the synchronous motor rotating the 

indicator coils around the CRO tube in Ihe 
trailer. To avoid a possible ambiguity of 90" 
nn automatic synchroniz«tion scheme was de- 
veloped (see Figure i). Since the stability of 
position of the two motors when they are run- 
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ning is better than 1', the purpose of the syn- 
chronizing circuit ia only to place the two 
rotors in the same position without any am- 
biguity. 

To provide for this result, rotating contacts 
have been placed on the indicator »haft and on 
the goniometer motor Bhaft. The contactors 
are wired in series with one end grounded. The 
omer end of this circuit is connected to the 
input grid of a two-tube amplifier. ThiK grid 
is ordinarily biased to cutoff. The contacts are 
so adjusted that the indicator cor'actor la 
closed for about 27(r of the rotation and the 
goniometer contacts cloce for about 30° of 
rotation while the indicator contacts are open. 
In normal synchronized operation the two con- 
tactors never close at the same time and thu» 
the input grid of the amplifier i" biased to cut- 
off. Under thi» condition, grid and cathode 
of the second of the amplifier tubes are at the 
same potential and current flows through this 
lube. Plate current flowing through a ret stoi* 
produces a voltage drop which ia applied to a 
fhyratron as a negative bias preventing this 
tube from firing. 

If, however, the two motor» are nui nf syn- 
chronism, there will be a period during the 
rotation cycle in which the two contactors close 
together, grounding the grid of the first ampli- 
fier permitting it to draw current. Each time 
thj contactors close, a pulse of voltage appears 
across the plate load resistor and is applied to 
an HC circuit. 4fi,er several pulses the poten- 
tial across the capacitor of the RC circuit 
reaches the flashing voltage of a neon lamp. 
Current from the lamp through a resistor puts 
a negative voltage on the grid of the second 
amplifier tube, cutting off its plate current and 
removing the cutoff bias from the thyratron. 
When the thyratron fire», it opens the power 
circuit to the goniometer drive motor allowing 
the motor to alip one pole but stay at syn- 
chronous speed, A potentiometer controls the 
time during which the motor power is inter- 

These synchroniiing cycle» will continue 
until the motors pull into step, usually a matter 
of from 1 to 3 seconds. 

The synchronizing unit also contains a multi- 
pole switch which select» the proper circuits for 
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operation from either the icw- or hi^h-fre- 
quency array. It «witchea phaae inverter 
power. Koniometer drive, am! "edfle relay cir- 
cuits, contactor synchrontzinR pulsen and re- 

ceiver r-f input. 

•*t l.otal Indicaiur 

Thu local indicator consista of the following 
components. 

sinusoidal voltagys in phaae quadrature gener- 
ated by a local 30-cycle oacillater the phaae of 
which is synchronized with the goniometer 
roUtion by means of Bynchroninng pulses. 
These synchronizing pulses are takim from a 
i-otating contact on the goniometer shaft. 

When a signal is being received, the CRO 
spot is deviated toward the center of the screen 
by a reduction in amplitude of the 30-cycle 
voltage.   This   reduction   is   accomplished   by voltage.   This   reduction   is   accompusiieu   u> 

'l   A synchronous l.SOO-rpm motor operating    plate modulation of the tubes which amphfy 
fromlhe 60-cvcle UO-volt supply.   The motor    the 30-cycie vo!tage. T^^"'^        tu^s 
haft is provided with the synchronizing contact    the plate modulation of the amphfy ng tubes ,s 

snan s proviu™ nbtain«l rrora the rectified signal volUge in the 
operation described. 

2. A set of magnetic deflection coils mounted 
in a routing housing which is also dri-en by 
the motor. Provision is made for adjusting the 
instantaneous angular position of the deftcelion 
coils with respect to the motor armature. 

3. A 5-in. CRO tube of the electrostatic de- 
flection type which is positioned inside the 
routing deflection coils and their housing and 
whose beam is therefore deflected by the mag- 
netic deflection coils. 

4   An optical system which consists of an 
illuminated scale and a mi.ror so posHioned 
that the refiecliou of the scale appears to coin 
tide with the pattern obUined 

scilloscope. 

obUined from the rectified signal voltage i 

The phase shift of the indicator pattern for 
purpose of tense determination is obtained by 
a 90" phase shift of the synchronizing pulse 
from the goniometer shaft. 

When the remote indicator is used at a dis- 
tance from the radio receiver, the rectified 
signal can be transmitted over a sUndard tele- 
phone line Into u d-c amplifier of sufficient gain 
to compensate the attenuation in the line. 

In the remote indicator assembly  are the 
following circuits: 

«ars to coin-        I. Synehronizing-time   phaae  shifter.    This 
the cathode-    shifts the phase of the 30-cycle volUge to route 

the position of the arrow on the caihode-ray 
ray owmoscope. 

5  A control box conUining circuits and con-    .,  

operation. 

• *• Remote Indicator 

The remote indicator.1 an entirely electron- 
ically operated unit, displays the same pattern 
as the local (AS) indicator, and is used in 
conjunction with the same receiver and goni- 
ometer, but does not use any moving parts. It 
is therefore particularly well adapted for use 
as a remote indicator. 

The circular trace of the CBO spot is ob- 
tained by applying to the deflection plates two 

<• Hot iupplini 1 .h scR-ooa. 

nronization uvei a mmj ....... .>>^-—* — 
.vith   the  particular  virtue   that changes 
speed of the goniometer will not cause loss of 
synchronism. 

3. Smoothing amplifiers. Since the oscillator 
wave form is not sinusoidal, a conventional 
resi^tance-capaciUnce low-pass filter in con- 
junction with an amplifier is necessary to ob- 
tain a pure sine wave of sufficient amp.itude. 

4 Phase splitter. To obtain the circular 
trace, two 30-cycle voltages in phase quadrature 
must be available. Accordingly, a phase splitter 
with semivariable control is incorporeted m 
the circuit design. 

5. Dual push-pull modulated amplifiers. To 
avoid trapezoidal distortion on the cathode-ray 
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tube it is neoeMary tu operate with balanced 
input to the deflection plates. To avoid tran- 
sients after modulation over a frequency range 
of 0 to 10 kc, a puah-pull d-c amplifier is em- 
ployed. 

6. Modulator. Two tubes in parallel, a low- 
mu triode and a high-mu pentode, are used to 
give a" nrro'.v pattern which is sharply pointed 
at the circumference of the circle, 

7. Second unude modulator. Because the de- 
flection plates change in potential about 460 
volts, and the focus of the cathode-ray tube is 
dependent upon the difference in the voltatte 
between second anode and deflection plat», the 
second anode voltage is modulated propor- 
tionately with the deflection plate voltage. 

8. Audio amplifier. A conventional single- 
stage amplifier is included so that when the in- 
dicator is used as a remote indicator, the 
operator may hear the radio signal the bearing 
of which is being indicated. 

9. Two conventisnal power supples are used. 
Voltage regulation li used In the power supply 
for the vacuum tube plates but no regulation is 
employed on the CRO power supply. 

Accuracy of the type E Indicator is depen- 
dent upon purity of wave form in the 30-cycle 
circuits, freedom from distortion in the modu- 
lation End amplifying circuits, and balance in 
the push-pull circuits. An accuracy of ±3.6" 
was obtained in the laboratory model. 

Considerable experience was gained during 
this and othor d-f projects on the matter of 
proper choice of sites for d-f operations. The 
gist of this experience follows. 

The choice of the site is nut necessarily the 
point which would be closest to the transmit- 
ter. In fact, long-distance bearings are more 
accurate than bearing« taken at the skip dis- 
tance. The following simple rules will '-e found 
useful in picking a d-f site: 

1. Soil. 
a. Must be flat Inot more than 1 ft change 

in elevation in 60 yd). 
b. Must be as homogeneous as possible. 

capable of supporting grass or plants 
most of the year, and as wet as possible. 

Outcroppings of rocks, or large boulders 
at less than 6 ft from the surface, are 
undesirable. 

c. A flat prairie, or a cultivated field or 
pasture is perfectly suitable. 

d. Rocky seashores, rock islands, or rocky 
hills are unsuitable. 

e. A flat area behind a beach is suitable if 
the beach ridge meets the following 
specifications. 

2. Obstacles around the direction finder. 
a. From the antenna site the angle between 

the top of any obstacles and horizon 
must not exceed 2". (Obstacles are 
mountains, hills, trees, houses which 
mask the view of the horiton,) 

b. An obstacle of 2" cannot be tolerated 
closer than 200 yd for many antennas. 

c. Long-distance obstacles like mountains 
can be tolerated if they subtend 6° or 
less at 5 miles, but it must, not be forgot- 
ten that they will act as a perfect 
screen for direct-ray short-wave recep- 
tion from a transmitter located on the 
other side of the obstacle, 

d. These obstacles may also affect the in- 
tensity and direction of low-angle (10 ) 
sky waves coming from long-distance 
transmitters, 

e. Such obstacles will not generally affect 
the reception of sky waves making an 
angle of 25" or more witii n^pect to 
ground and coming from medium-dis- 
tance transmitters. 

3. Power and telephone lines. All incoming 
lines should be laid on the gunind and leave 
the trailer in such a way that they are as re- 
mote as possible from the wave collectors. No 
high-voltage power line can be tolerated at less 
than half a mile. Such power lines supported 
by tall steel towers should be at least 1 mile 
away. The same distance applies to a railroad 
or a trolley line. On one side of the installation 
one telephone and/or one low-voltage power 
line can be tolerated at distances greater than 
300 yd from the nearest antenna. 

4. Trees. Tall trees '40 to 50 ft) or forest 
growth must be farther than 300 yd. Small 
groups of trees not exceeding 20 ft in height 
can be tolerated if farther than 30 yd from the 
nearest antenna. 
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M CAUGIIATION 

In iJililiratiiiK the direction (Inder it is im- 
portant to operate the target transmilter at a 
suMitieiii dtHtt.nte from the cuilectnr antenna so 
the effects of nupply and h-f cables are com- 
pletely avoided. If the eulibrauim is made at 
too short a dintAiice from the antenna array, 
errors are observed which are much larKer and 
do not correspond at all to the errors observed 
with wavea coming from distant transmittera. 

Figure 5 shows a calibratiim made on 8 mc, 
indicatinit thai when the target transmitter is 

WE IIIHtXTION IINHEB ^____^ 

on the h-f array will, the Urjtet transmitter on 
a 7fi-ft radius. The maximum error obaen'ed 
ia 5° in the north direction and ia still due to 
effects of obstacles around the direction finder. 

The Great River (Long Island) experimen- 
tal field where the calibrations were made is far 
from ideal for such studies with its many an- 
tenna» and underground cables. 

^s 
-ÄTVAA 

MC* 

ilii w 
MO' 

» 
/ffl^m« ̂ w 

noiriw S.    C«libr»llon    curve   of   low-frequency 

near or above the cables, larffe errors are ex- 
perienced. In mahing thia calibration the tar- 
get transmitter was 200 ft from the conter of 
the array at each target position. 

To investigate the deviations as a function 
of the distance of target transmitter, the latter 
was moved in the direction shown in Figure 
6. The diagram JII the same drawing indicates 
for 8 and S.5 mc how the error varied between 
75 ft and 600 ft from the .may. 

Figure 7 shows a calibration made at 20 mc 

These calibration tests show that, first, 
calibrations at relatively short distances, where 
cable effects are magnified by the lack of homo- 
geneity of the field of the target transmitter, 
have to be completely discarded: secondly, 
calibrations made at a reasonable distance in- 
dicate a very fair accuracy of the direction 
finder (small Instrumental error)  but no con- 
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stüMty in the results because these calibrations 
are not yet free from effect» of obstacles, 

Beaiintrs t«ken on distant stations, 10 miles 
or farther, show much better accuracy than the 
best accuracy noted on the ealibration curves 
shown. 

hiBh-frequeney  i 

About 60 per cent of the bearings taken 
under any conditions were within 1° and 2" 
accuracy and only a veiy small percentage of 
bearings, less than 2 or 3 per cent, showed 
errors of more than 10'. These errors were 
attributed to nropaa'it.ioii irrpynlr.rities ur par- 
ticularly bad interference eflfects. 

*■■>     1\TKRPRETAT1U!S" OF PATTER.N9 

The patterns on the CRO can be read easily 
by an inexperienced operator. With some train- 
ing or skill, however, an operator can obtain 
much information through the interpretation 
nf the patterns which are an pn rim posed upon a 
fixed scale graduated in degrees from 0 to 360. 
The equipment is  installed and  adjusted so 

that the 0" or 3605  point corresponds to a 
bearing of true north. 

In operation, a station is tuned in on the 
receiver and the gain is adjusted so thM a read- 
able pattern is secured. The preferable pattern 
is that composed of a double arrow (Figure 
8A), its points r<»ting or- the scale and its 
central point in the exact center of the scale. 
Tne width of the pattern is not important 
except as this determines the sharpness of the 
points. Ruch a signal is usually obtained from 
a local transmitter having an unkeyed and un- 
modulated carrier and where reception is well 
above the noise Wei of the receiver. The bear- 
ing of such a transmitter is easily determined 
by reading the scale so as to determine the 
exact point to which the arrow points. Through 
operation of the sense key, it is possible to de- 
termine which of the arrows to read. If the 
signal is modulated, the point of the arrow is 
slightly broadened, but the bearing can be read 
io the same degree of accuracy. The same is 
not true for a signal which is so weak that it 
is miXni »iLh receiver nuÜM, The operator is 
able to determine whether or not the bearing 
is reliable by observation of the pattern partic- 
ularly in regard to Iho following points: 

1, Are the arrows sharply pointed? If not, it 
is possible that the gain of the receiver is not 
properly adjusted or that the propagation char- 
acteristics between the transmuting and receiv- 
ing aerials are for that moment unfavorable 
to the detem ination of the bearing. 

2, Are the joints of the arrows fixed? If the 
CRO pattern is shifting, the propagation char- 
acteristics are changing with time. This may 
be due to changing characteristics in the upper 
atmosphere, or it may be due to reflections 
from other sources or absorption in the path 
of the transmission. If the pattern is changing, 
it will usually be found that not only have the 
positions of the indicated bearings changed, but 
also the shape of the arrows is changed. It 
usually happens that the arrows are broadened 
and also that the shape of the pattern is dis- 
torted from that desired. The oscilloscope gives 
the actual instantaneous conditions and there- 
fore will indicate the (juality of the wave prop- 
agation. If the arrow points are sharp and 
steady, the operator can always be sure that 
the correct bearing is indicated. 
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itmllnit (lilTercnt types of imw* swured under Aitln 

270') giving 
nipulatton of 

g*1n control, arrow mmy be widened or aharpened 
but nu chcnga ut bearing ia caused by thi« opera- 
tion. 

B. Good keyed ilrnal ihowini circle, «nailer 
than acala drcle, when carrier if off air and food 
Indication whan carrier la on. Circle can be In- 
vreaeed in ail« by deereaeinc hlaa on deflection 
ampllfler. 

and B, but atill givin« C Signal weaker than / 
Rood bearinn indication. 
atlhoUKh maximum aiitnal at center dnen not rauae 

D. HJ.'II weaker eiRnal in which gain control of 
receiver haa been tutmd uji ao high that noiae i> 
ahown on pattern. Bearing la atill readable to 
within ±.1' and poasibly higher, since time CT- 
poaure caused blur uf mnving arrow polnta. 

E. Modulated signal, strong and without nai 
but ahowing modulation envelope all around o 
aide of pattern.   Bearing is not changed by t 

esdable ti of ±1* 

f. Time eiposure of very weak fading signal. Ex- 
cept for center, entire screen la covered by noite 
patbrna bat bearing la atill nadable to ±6°. Sig- 
nal i* not changing In apparent direction; has 
little or no polarlaatr-n error. 

G Time «poaur« when no aig al ia being re 
1 with gai 

tli D ht> 1  direction.! 
«riatica, th nidi A. be Laible and ia 

he re by long tilM npo sure required. 

H «n two keyed gnala on s.m 
;mi 

good pattern. I1!-,, »M U t*ato 122- Is weak 

Becauseof the type of indicntor employed the    should be able to take very reliable bearings 
operator ia able to take beariom on aignals of 
very abort duration, or on signals which are 
rapidly chaiKrinu ai the point of reoeplion. He 
is provided with a continuous uwarntc picture 
of the arrival of the waves and in a short time 

under conditions  which  have hitherto  made 
readings impossible. 

If a bearintr is shifting and also fading, it 
will usually be found that the nulls are more 
rounded at one indication than at others.   It 
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will also prubably be found thut one indication Seldom will no bearing be poswible. Bearintra 
is given with very good nulls. This indication will differ only in the degree of accuracy with 
may ladt only a fraction of a second, but the which they can be read. The most common im- 
operator should  always   remember   that   the possible bearings will be when the noise level i« 
sharpest nulls correspond to the most nearly higher than the signal.  (Figure S, F and G.) 
correct bearing. They always correspond ateo A number of patterns are shown in Figure 8 
to the atrnngi'st reception during the fading to illustrate the different types of images which 
cycle.  Round nulls indicate that the bearing is may be secured under different conditions of 
uncertain or in error. signal and noise. 

ÜWIDKMIU. 



DlRECTIOiN FINDING BY IMPROVISED MEANS 

A »lady to determine if effective direction linilinn 
could be done by the Armed Force» in war lhe«terä, 
uilng only B radio receiver with no tpeci»! me»»utinK 
«lUipmenl and only «ufh antenna« ai could eutly be 
imiiinviM'i in the flfld. Muthodi uainf[ loopi and low 
horizontal vdrea were developed. A acheme uiing low 
hcirii«nl:iil  radial  wirn each radial   having two wirea 

for 
«the . 

i to about m    with t 

INTBODVCISDN 

Two GENERAL TVPEH of antennas wer« tried. 
(1) simple loops and (2) varioun arrange- 

ments of tow hcimoiita! wires, TaHe 1 sum- 
mariies the results that may be obtained with 
six schemes briefty described in the table. 

The preliminary work indicates that: (1) 
Vor strong ground-wave signals, the loop 
scheine is indicated; (2) for weak ground- 
wave signalM, a rough location may be obtained 
with a single wire at or near the ground, 
walked around u central radio receiver. A 
more accurate location may be obtained using 
eight raiiia! wires at or near the ground, each 
wire a wavelenKlh or more in lentrth; (3> for 
sky waves coming from distances of 150 miles 
or more, scheme (2) is siiitable. For sky waves 
coming from distames between about 50 and 
150 miles, a scheme involving eiRht rndials, 
each having two wires, one above the other, is 
indicated; (4) the work on the loop schemes 
mig.U well be extended to determine methods 
of locating stations sending sky waves from 
distances of 160 miles or more. At present, 
direction but not sense can be determined. 
Further work on the pcheme involving double- 
wire radinls is indicated. A mathematical anal- 
ysis would be useful to determine a further 
program of experiments which might lead to 
refinements and a more accurate determination 
of the precision of location. 

With the loop antenna, the test procedure 
is to turn the loop for a minimum signal and 
then reverse the loop by 180-~ and again Knd a 
minimum signal. The best estimate as to sta 
tion direction Is obtained by bisecting the angle 

between the two minimum-signal positions. A 
special connection described below permits ob- 
taining the sense on  ground-wave transmis- 

All schemes described require an a-m re- 
ceiver with a beat-frei)uency oHciliator (for 
producing an audible tone from the carrier) 
and with the automatic volume control, if any, 
disabled. 

Fairly exten&ive testa were mai'e of the sys- 
tem listed under item 6 in Table 1 Part of the 
testa consisted of locating a mobile station, the 
direction of which was unknown to the test 
crew. The distance of the mobile station 
ranged from 50 to 112 miles. The power into 
the transmitting antenna was only about 2 
watts at 4.8 mc and 6.425 mc. Five tests were 
made. The average error was about S° and 
the maximum error was 22°. The received 
signal was entirely sky wave.1 The transmit- 
ting antenna consisted of » half-wave hori- 
zontal wire about 2 ft above the earth. 

■" KXE'ER 1 MENTAL WORK 

LOOP ANTENNA 

Two-turn untuned loops, shown in Figure 1, 
were found to be satisfactory for direction 
finding on vertically polarized ground waves 
between 2 and 20 mc. The 2-ft loop Is usable 
in the 2- to 10-mc range and the 1-ft loop In the 
5- to 20-mc range. In the 5- to 10-mc range it 
was found to be more advantageous to use the 
smaller loop provided the received signal is 
sufflciently strong. 

At first one terminal of the loop wac con- 
nected to the antenna post of the set and the 
other terminal was connected to the ground 
post of the set. This was found unsatisfactory 
since there was no sharply defined null when 
the loop was placed broadside to the direction 
of the transmitting station. (Normally a loop 
is operated into a balanced circuit,) However, 
if one terminal of tK? loop was connected to 

n \h- lUyii: . Il is believed 

■ Project 13-101. i l| No. OEMnr-1410. Wester 
i|uenri<a. See IRPLE1. ittued September 1944, P 
It, and TM 11-490, page 45 (both oblninahle 
Office nf Ihe Chief Sinnal Offlrtrl. 
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the antenna post of tl.e xet and the midpoint 
of the loop WHH connected to the ground post 
of the art with the other terminal of the loop 
open, there was A sufficiently defined null when 
the loop was placed broadside to the direction 
of the transmitting station. The broadside null 
for one orientation of the loop was within about 
10° of the null for the 180° loop reversal. The 
average of the nulls gave an indicated direction 
within a maximum of about 5° of the true 
direction from 2 to 20 mc when the transmit- 
ting station was about one-half mile away ovei* 
level terrain. 

Not only the directioi jf the station but the 
sense also may be obti.ined. The sense is ob- 
tained by placing the loop in the plane of 
maximum signal, a position at right angles to 
the average of the null, and then touching with 
the finger or with a pair of pliers held in the 
hand the free terminal of the loop. With the 
transmiltinK station in the direction shown in 
Figure IB there will be «n increase in the 
signal. If the transmitting station were in a 
position 180° from thai shown with the loop in 
the same position, then touching the free end 
of the loop would result in a reduction of the 

TASLE I.     Field of UKF of improvliwd ilir*i-ti™-lim)inK .rhfrne*. 
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sigiiBl. Testa in the 2- to 7-nic range showed 
lhat tuuchiiKt the free end of the loop with a 
wire connected to « vertical antenna produces 
the same effect an the operator's finjrer, but the 
height of the vertical antenna must be adjualed 
for each frequency. t 

Three tents (at 3.4925. 4.7976. and 6.425 
mc) wore made when the transmitting station 
was within ground-wave range and in direc- 
tions unknown to the operator. The average 
bearing error on these three tc*ts waa about 
itr. 

**" 

Frui'HE 1, Side «ndp^rsjwctivp view» ufloopa em- 
ployed In 2- to lO-mc range. For 10- to 20-mc range, 
loop should be 1 ft xquare. 

In the caae of ground wave with an ap- 
preciable horizontally polarised component, the 
loop in broadside position was found to give 
lower minimum signal when the free turn was 
on the side toward the transmitter. 

The loops, when operated in a vertical plane 
as shown in Figure !, could tw used to find the 
direction but not the sense on signals arriving 
by Ri(y wave from tranamiUors located at dis- 
tances exceeding 150 miles.   The loop gave a 

low^r minimum signal on aky wave when the 
free turn was on the »ide toward the transmit- 
ter. However, the results of a few tests made 
with the loop tilled off vertical and with the 
free ti.rn on top indicati'd that a single null 
could bi found which might give both the 
direction and distance of the transmitter. Time 
was not available to investigate completely this 
phaae »f the problem. 

A test was made on WWV at 5 mc where 
the free end of the larger loop was connected 
to an eight-wire crowsfoot counterpoise, esch 
toe being about 10 ft long. The radio receiver 
and associated power supply were nut grounded 
other than through own capacitance to ground, 
but the connection of the loop to the receiver 
was through a short length of twisted pair in 
addition to the coaxial cable. With the loop 
and WWV in the relative positions shown in 
Figure IB a pronounced null was found. When 
the opposite edge of the loop waa pointed at 
WWV there was a maximum. No broadsid- 
null existed; the typical cardiold pattern fa- 
miliar in the caae of a loop combined with a 
vertical anter.na was obtained. There was about 
10 db average difference between null and 
maximum. This scheme, with the same counter- 
poise, did not work on another station at a 
different frequency. These teats are mentioned 
to indicate that the field has not yet been fully 
explored. 

When tiie loop was connected with its two 
outer terminals to the antenna post and ground 
post, respectively, of the receiver, no null of 
any sort was obtained on WWV rr on any other 
sky-wave signal. This was also true when the 
loop was connected to a balanced preamplifier, 
except that in the latter case London and San 
Francisco stations were found to produce some 
broadside null, 

There is some evidence that the special con- 
nection of the loop to the set, described above, 
tends to reduce its response to the horizontally 
polarized component of a wave, particularly in 
the case when the free turn is on the side of the 
loop toward the oncoming wave. 

For aense location the receiver must lie 
placed at ground levei, not inside a vehicle, 
with the loop directly over the set. To facilitate 
turning the loop any simple mechanical con- 
struction may be used.   A simple method is to 
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Duspcnii the loop by a strinR from a light scaf. 
fold directly over the receiver with lead-in 
cdiisiwtin« of a flexible coaxial cable extending 
vertically below it to the receiver. The height 
of the bottom of the loop above the ground 
should not bu over about 3 ft. Army-Navy type 
No. RG 8/U cable is »ati a factory. Twisted pair 
(for example, W-I10B) will not work well for 
■enae indication but may be used for direction 
indication up to about 7 mc if coaxinl cable !R 

unavailable. 

Low HORIZONTAL WriiKs 

Low horizontal wires may l>e used as direc- 
tional antennas. When the length ix "JA or 
more, a stronger signal is itsceived when the 
wave is traveling from the free end of the wire 
(front) toward the receiver than is received 
when the wave is trwveling in the opposite 
direction (back) or from the side. The front- 
to-batk ratio will amount to from 5 to 15 db 
for a wire one wavelength or more in length. 
For a given longth of wire (>A) the front-to- 
back ratio is greater with higher altenuation. 
That ia, there is a greater front-to-baek ratio 
with a wire on the ground than with one sup- 
ported at some distance above the earth (not 
over three feet in connection with this work). 

The following rule may be used for deter- 
mining the physical length of ow-ivafplenalh 

No. of feel 
UDO 

A A/4 horizontal wire ia noi appreciably 
directional in itself, but becomes directional 
when supported in the air and associated with 
a vertical down-lead. That ia, a A/4 wire on 
the ground is not usefully directional as con- 
cerna front-to-back ratio, hut when raispd 1 ^ 
to 3 ft in the air, with a vertical down-lead at 
the receiving end. it becomes directional. In 
this case, the «tronger signal is received whei 
the wave ia traveling parallel to the wire from 
the receiver end of Ihe wire toward the free 
end. A A/4 wire supported up to 3 ft in the air 
gave poor discrimination in azimuth. 

A fixed one-wavelength wire did not jive 
good results on horizontally  polarized  ground 

Calculation and test show that the -'^A wire 
has a larger front-to-back ratio than the A 

wire when the wave approaches the wire from 
a high vertical angle. However, it has a smaller 
frei*-to-back ratio than he A wire when the 
wave approaches at a low angle. The simple A 
wire gives a go«! front-lo-back ratio on low- 
angle direction of the wave or on ground wave. 
This ratio is if the order of 6 db. A wire 
longer than A gives a still higher front-to-back 
ratio. The ratio is alfected by attenuation, as 
noted above, and therefore ia affected by 
ground constants as well aa by wire height 
above ground. The f^A wire is poor in azi- 
muthal discrimination and therefore is not rec- 
ommended for use. As discussed later, the 
A,'4 wire is useful as a walked wire in ground- 
wave direction finding but is not aucceasful 
when used in the fixed-wire radial scheme. The 
down-lead 1 i/ä ft to 3 ft high also has an effect 
on the front-to-back ratio of the ;l IA wire or 
A wire, but the effect may be Ignored below 
aiwul 8 to 10 mc. 

WALKED WIRES 

A one-wavelength wire may be used for di- 
rection finding on vertically polarized ground 
waves. The terrain retimrements are aatisfied 
by an open field with short grass or weeds of 
fairly uniform height. The walked wire re- 
quires a steady signal, hence it is not useful 
when fading Is present. This limits its use to 
ground-wave signals, 

A full-wavelength wire cut for use on the 
ground is laid out over grass or weeds and the 
radio receiver ia connected to one end of it. The 
unknown signal is tuned in, and the wire is 
walked around to a direction 9(F from the first 
position. At this point HM wire is again laid 
back on the ground and another obaervatkm is 
taken. By progressing W at a time, one di- 
rection or two directions at about 90" to each 
other will be found where the signal is fainter 
than in the other two directions. Further 
moves, making «mailer angular adjustmentB in 
the general minimum direction, will disclose a 
poaition that gives the faintest signal.   In this 
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position the outer end of the «■ire is pointing 
uica;/ from the "unknown" station. 

This scheme is cumburaome at the lower fre- 
quencies betause üf the length of the wire, 
which hecomen tiitflcult to handle and takes a 
relatively lone time to move throu([h an ap- 
preciable angle. The scheme works Ijeat when 
a steady carrier is present. With short hursts 
of carrier, as on average push-to-talk phone 
operation, the system does not give good re- 
sult». With c-w 01 m-t*-w telegraph, with 
steady sendinc, fair results can lie obtained 
on ground waves. 

Quarter-Wavelenglh Wirr. The rained A/4 
wire with IVi to 3 ft vertical down-lead ia less 
cumbersome than the full-wave wire. In this 
case the wire must be held in the air and as 
nearly parallel to the earth as poswible while 
walhinn the outer end around. It is preferable 
to insulate the wire from the walker's hand. 
When minimum sitrnal is receivtil, then the 
outer end of the wire is pointing lo'fartl the un- 
known station. 

This scheme will work with either vertically 
or horizontally polarized ([round waves. Where 
the wave is horizontally polarized, two posi- 
tions giving low signals will be found; one 
with the wire pointing away from the station 
and one with the wire pointing toivard the sta- 
tion. The one with the wire pointing toward 
the station will be found to be the lowest. 

FIXED MULTIPLE ANTENNA SYSTEMS 

The use of fixed multiple wires (four or 
eight), \ or more in length, around a centrat 
receiver, in connection with a key which per- 
mits rapid switching from one wire to another, 
may be used for direction finding on ground 
waves or on sky waves. The wiieu may be laid 
on the ground or supported in the air up to a 
height of 3 ft. Above 10 mc better results are 
obtained with wires on the ground, unless they 
are longer than A. A length of 2A or more and 
a height of V/s ft is satisfactory in the 10- to 
20-mc range. 

Experiment and calculation showed that 
where the signal was due to sky wavts arriving 
at the receiving site at an angle greater than 
about 70° above th? horizon, the sysU -n was 
inclined to fail.   Fortunately, a failure is re- 

vealed in the measurements; hence there in 
avoided the possibility of taking the "bad" mea- 
surements seriously. The failure is revealed 
by the following symptoms in the test results. 

1. The combination of opposite wires giving 
the greatest fiont-to-back ratio does not con- 
tain the wires which have on them the strongest 

2. There may be no consistent front-to-back 
ratio. 

In an example of (I) the station was due 
north transmitting into a A/2 horizontal wire 
2 ft high. The greatest front-to-back ratio was 
SW-NE with SW greater than NE. E and W 
were greater than SW, and were about ecjual. 
As an example of (2), all wires were about 
equal or they changeH back and forth durin« a 
fading cycle. At the receiving site near Flor- 
ham Park, N. J., it was impossible to determine 
the direction o.' Floyd Bennett Tower on Long 
Island at about 7 mc by the above method. The 
airline distance is about 40 miles. It was pos- 
sible to determine the direction of WWV in 
Washington. D. C, at 5 mc. The airline dis- 
tance is about 180 miles. Successful direction 
finding was also done by the above method from 
6 to about 15 mc on Montreal, Halifax, Toron- 
to. London San Francisco, and on Bound Brook 
and Wayr.e, N. J. The last two stations came 
in on ground wave. Successful direction finding 
was also done on the project transmitting sta- 
tion when it was about 150 miles distant and 
transmitting successively at 4.7975 mc and 
6.42S mc. 

The above method ,.iay employ either bare or 
iiisulated wires on the ground provided (1) 
there is no grass or weeds or (2) the grass or 
weeds are short and uniform where the wiies 
are located. If there are weeds or undergrowth 
of nonuniform height, the wires should be 
supported in the air from V/z to 3 ft high. 
All the wires in a given layout should be placed 
at the same height and all should be of the 
same kind of wire. Test indicates difflenltiea 
above 10 to 16 mc if the wires are raised above 
the earth. 

The receiving site should be level. A Wügree 
slope, however, will not give trouble. The an- 
tennas may be placed in a forest provided 
raised wires are used (1!^ to 3 ft high) and 
growth is cut away below the wires to hdghts 
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of not over d to 6 in, and laUrally to a distjince 
nt at least 5 it. Siti's near uvurhead wire linee. 
wire fence», other antennaa or other metallie 
stmclurea which will distort the field pattern 
«hould be avoided. The character of the terrain 
under all the wires and the growth near them 
should be approximately the same. For exam- 
ple, it is unwise to put half the wires in the 
woods and the other half in the open. 

When uaing this method on a fading siitnal, 
a phenomenon is present which results in a 
change of front-to-back ratio during the fading 
cycle. For example, when tisteninjf alternately 
on wires having about equal signal strengrlh, 
such as the two wir-s that are nearly at right 
angles to the direction of travel of the wave, 
first one wire and then the other may have a 
stronger signal. It may be necessary to make 
the listening comparison for some time to de- 
termine which wire gives the stronger signal 
mott of the nW. The front-to-back ratio on 
wires most nearly pointing toward and away 
from the transmitter is consistently in the same 
direction, but may vaiy over a range of from 
1 to 10 db. This may be quite disconcerting to 
the operator at first, but it was found that 
practice in measurements leads to quickness in 
their interpretation. This practice may be ob- 
tained by first testing on known stationa. 

Double Wirre. When the angle of arrival of 
the Kky wave is greater than about TO3 above 
the horiion, (beyond ground-wave range but 
less than 150 miles) experiment showed that 
some othei- scheme than those described above 
was necpssary. It was found that if two wirea. 
one above the other, were put out on each of 
the eight legs and a slightly different test pro- 
cedure were used, a gi-eat improvement was 
obtained in short-distanc i aky-wave direction 
finding. In this arrangement each leg consisted 
of a A wire 1^ ft high and a x/2 wire 3 ft 
high directly above the first wire. In the fol- 
lowing discussion thp * wire will 1« called the 
low wire and the */2 wire will be called the 
high wire. The receiver was rapidly connected 
in succession between two opposite low ulre«. 
The associated high -wires were connected 
through and connected to the ground post of 
the receiver which wa« also grounded to three 
ground rods connected in parallel. The other 
wires of the system remained open and clear. 

Now when r weiving a high-angle signal which 
is moving in the dlmtlOQ of th( plane contain- 
ing the wires, the connection of the high wires 
as noted above temrMW the signal from the 
tow wire pointing toward the station in (|ues- 
tion and dcrrnjxen the signal from the low 
wire pointing away from the station. Thus in 
a case which, without connection of the high 
wires, would give a front-lo-back ratio of unity 
or less, the connection of the high wires gives 
a front-to-back ratio greater than unity, i.e., 
the low wire pointing toward the station (free 
end toward station) has more signal than the 
low wire pointing away from the station. To 
facilitate quick changes, all wires were brought 
in to a breadboard having Fahnstock terminals 
and with the switching key screwed to the 
board. The arrangement is illustrated in Fig- 
ure 2. 

n Mi / 
1- ̂  

'• i *• 

FlGirat 2,    Double-wire dit«tion-flndin« when 

lenn«;   B.  psmpecilve  «howdiir  rinE.Slp-n-ir,.   ■ 
r»ii«ement | C «wjlrhinir a rr» nur men I with Yry m 
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With this arran(fement it was ponsilile to 
^snte" a moliili- atation out to 20 mileB. There 
was then a blind rintt out to ahout 60 miles, 
and tnm GO miles on out it was ajta'ti possible 
to determine the direction of the mohile sta- 
tion. Tht extent of the blind rinir would vary 
In different eaaes depending on frequency, 
earth constants and on the type of antenna 
used at the transmitter. The mobile station in 
ilu<-ation used a low horizontal \/2 antenna, 
ilad the mobile station used a whip af other 
vertical antenna, the uround-wave ranire un- 
doubtedly would have been extended. 

The theory of thi» »yatem has not yet been 
L-ompletely worked out, but successful use was 
made of it over a period of about two weeks. 

Five testa were made where the mobile sta- 
liun went to locations that were unknown to 
the measurir.^ crew. The only stipulation was 
that the distance should be greater than 50 
miles. Two frequencies were tested at each 
location. 4.7075 mc and 6.425 mc. The receiv- 
init antennas were arranged to be quickly 
changed to the right lengths by means of in- 
sulators and Jumpers. Both frequencies indi- 
cated the same diroctioi-, excepting for the last 
teat, where it turned out that the mobile trans- 
mitter was 50 miles distant. The frequency 
6.425 mc gave indeterminate results for this 
location. Table 2 shows the results. The power 
into the transmitting anfnnas was about 2 
watts.    A   Hammarlund   radio   receiver   was 

TABU; 2.   Testa or. doubk-wirt »j-.ten,.- 

[«MUM 
DbMM 
in mil» 

TnH (.«ring 

■J22 

15 

j&ii 

Mcuurcd bearina 
in dw«i 

3 

112 

uo 

300 

M.a 

m 

It is usual to interpolate the bearing between 
the 45* legs in IS'' steps. However, in the ease 
of the reading taken with the transmitter in 
Location 5, NW was thought to be just slighlly 
slronjter than NE and N was stronger than 
either of these.   Hence it WPB concluded that 

the station was either due north or very slightly 
west of north. As can be seen in the table, it 
was really I" west of north. 

A number of teats were made with the trans- 
mitter at 40 miles. This is in the blind ring. 
In about half the cases tested it was possible 
to obtain a bearing on the transmitter, most 
of them at 4.7975 mc. However, in these cases 
the measured bearing usually lame out too 
large by about one-half the angle between 
adjacent legs, i.e., 22.6C. 

In another set of tests the mobile transmitter 
was sent, as nearly as possible, due west. On 
the outward trip tests were made at 20, 40, 80, 
120. and 200 miles. On the return trip tests 
were made at 160, 140, and 80 miles. Errors 
comparable in magnitude with those shown in 
Table 2 were obtained for all distances ex- 
cepting 40 miles. The readings for the latter 
distance were ambiguous. 

On this series of tests a meLr was used in 
the receiver output and it wa^ noted that for 
the 80-mile transmission, epening the high 
wire and clearing it from ground reversed the 
front-to-back ratio from a condition of west 
wire stronger than east wire by an average oi 
about 4 db, to east wire stronger than west by 
about 1 db. At 120 miles wüh the high wire 
open and clear there was a 0-db (unity) front- 
to-back ratio, and with the high wire connected 
there was a front-to-back ratio of about 6 db 
with west stronger than east. At 200 miles 
with the high wire open and clear there waa a 
2- or 3-db front-lo-back ratio in the right di- 
rection (west greater than east! and with the 
high wire connected, the front-to-back ratio 
was about 8 db in the right direction. These 
comparisons were made at 4.7975 mc. Obser- 
vations on a broadcast station in Toronto, Can- 
ada (abou. 600 miles), at 6+ mc showed that 
there was no appreciable difference between 
front-to-back ratio with the high wire con- 
nected or disconnected. The above result» sug- 
gest that, after further checks of the phe- 
nomena, these comparisons might well be used 
as a criterion of the order of magnitude of the 
distance of the unknown station. 

The high wire and low wire were brought 
from the terminal stake of each of the antennas 
to the switching breadboard as spaced trans- 
mission lines not over 5 ft long.  The wires in 
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each transmission line were separated by about 
S in. Using twisted pair for lead-tn was not 
tried.  See Figure 2B. 

The above method permits direction finding 
on relatively weak nignals and on signals which 
are very close in frequency to other unwanted 
signals. This is due to the selective action of 
the ear in being able to identify and concen- 
trate on a tone of a particular ;iitch in con- 
trast to tones of other pitches or in contrast to 
noise. A full-wave wire 1'^ ft in the air 
delivers a stronger signal in the 2- to 8-me 
range than a 15-ft whip when the wave is 
moving parallel to the wire from the outer end 
over average earth. 

'"      GEM-HAi, OPBRATING NOTES 

In the case of any of the methods described 
above, a radio receiver outside of a vehicle 
muat be used. The receiver must be placed at 
ground level for the A/4 wire. For sense loca- 
tion, in the aim of loop direction finding, the 
receiver muat also be at ground level with the 
loop directly over the set. For use of any of 
the full-wave (or more) wire schemes the re- 
ceiver may be mounted at table top level. The 
receiver and power supply is not grounded 
through other than its own capacitance to 
ground, excepting in the case of the double- 
wire scheme. In this case, the ground post of 
the set should be connected to a low-impedance 
driven ground located near the set. This scheme 
will work without the driven grounds but it 
worked better with them. 

Power should be supplied by battery and 
vibropack, both located close to the receiver. 
A gasoline-driven generator with rubber- 
covered line on the ground from generator to 
receiver would probably result in intolerable 
noise in the antennas, A hand-driven generator 
probably could be used provided a short length 
of lino between gc1 'rator and receiver were 
employed. 

but in the time avr.ilable no comliinatiuns were 
found that were more sat ia factory than the 
ones described above. 

No testa were made abo^' 20 mc, In the 
range above 30 mc it is likely '.hat the best re- 
sults wojld be obtained by use of a reflector- 
director or other directional antenna. The 
method would not be applicable to f-m re- 
ceivers, on account of the limiler action and the 
lack of a beating oscillator. 

'"■* POSSIBLE REFINEMENTS 

The flxed-wire methods could be extended in 
a way that might afford a field of usefulness 
in other than forward area military direction 
finding. The refinements would require more 
apparatus, for example means to connect two 
antennas through some goniometer coupling 
device to an oscilloscope for purposes of phase 
as well as magnitude comparisons. 

Modifications can be imagined that would 
permit rapid direction finding as in many of the 
existing commercial Adcock systems or 8pa.;ed- 
loop sj-Ntems. Such modifications, applied to the 
double-wire scheme with eight or more radials. 
might have particular advantages for high- 
angle «ky-wave direction finding where the Ad- 
cock and spaced-loop systems run into difficul- 
ties. 

The use of the loop with free turns should 
also be investigated. It is possible that a single 
loop arranged in this way to suppress the hurl- 
zonUlly polarized component might be used in 
place of two spaced loops. 

'•' SLPPLEMENTARV TESTS 

Testn were jnade using various other com- 
binations of single- and double-wire antennas. 

'"       TFIEOKETICAL nEVEU)PMENT 

The proportions of the antennas described in 
this report were determined by cut and try 
methods. The general theory nf loops and long- 
wire antennas was used as a ifualitative guide. 
It appeared that this method of attacking the 
problem would be more efficient than propor- 
tioning the antenna structures on the basis of 
predetermined calculation formulae. The ex- 
perimental work has given clues to the physical 
approximations which are justified and which 
are essential to obtaining reasonably compact 
calculation formulas. 
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A calculation formuie has been worked out 
for a simpk -ase. This formula will lie dis- 
eutied toBe'her with the physical approxima- 
tions Ivading up to il. The method of analysis 
could be extended to cover !he more complicated 
case*. Figure 3 shows the calculation formula 
for the case of two collinear horizontal wires 
at or near the ground and free from ground 
at both ends. The open-circuit voltages to 
ground at the Inner ends of the two wires were 
calculated. If the antenna terminai of a 
grounded radio-receiving set (which in itself 
doea not pick up any voltage from the radio 
field) is switched from one wire to the other, 
the relative amplitude of the sounds heard at 
the output of the receiving set will be propor- 
tional to the relative magnitudes of the open- 
circuit voltages. Therefore, the magnitude of 
the ratio of these two calculated voltages Kives 
the observed front-to-back ratio It is assumed, 
of course, that the radio set does not have 
automatic volume control. 

The radio set does, in itself pick up volUge 
from the radio field if the do- --lead is regard- 
ed us a part of the set.  Exp-Himents indicated 

DIRECTION   HNDIWi;   BY    IMPBOVISED   MEAMS  

that if the down-lead were not more than about 
'tn of the length of the horizontal wire, the 
effect was unimportant. The theory could be 
extended to include the effect of voltages in- 
troduced in the down-leads. 

The experiments also ir'dicated that it was 
satisfactory to assume that each horizontal 
wire was a ground-return transmission line 
with uniformly distributed constants and 100 
per cent reflections at the open ends. Since the 
wires are near the ground, the transmission 
line may be regarded as having uniformly dis- 
tributed resistance. This is caused largely by 
losses in the ground; the radiation resistance 
is relatively unimportant. The magnilude of 
the voltage induced per unit length in the 
horizontal wire may be assumed to be the same 
at all points of the wire. The coupling between 
the wire; forming different radials may be 
ignored. 

As noted in Figure 4, the fronl-to-back ratio 
would be unity if the transmission line had no 
attenuation. If the attenuation is large, a very 
wimple expression for front-to-back ratio is 
obtained. 

TASLK 1     Fr. t>to-bi>ck ritio for pair nf cullinfmr wir« ■ T the; 

1 PrnpaiMlion  cotmt ml of wir» iround  nt uit ^ Y = + iß. ß = ihr/A, A ■ 'k\,. 

*„ *.v..i,.„lri( T.) 
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The furmulasi may  be  usyd   for  culculating 
trround-wavir frotit-to-back nitius.   In this case 

A      F. Ian T cos 4 

where 7"     the tilt aiiRle of the tfround wave. 

Table 3 Riven calculations of front-to-hack 
ratios for various assumptions retrarding atten- 
uation and length of the wires. The values of 
attenuation were chosen as the result of previ- 
ous calculations and moasurementH on low hori- 
zontal wires. The attenuation per waVBlength 
(of the wire «round circuit) is roughly constant 
(2:1 variation) over a range of about 2 to 10 
mc, for heights from ahout 2 cm to about I 
meter aim over a range of ground con- 
ductivities from about 0.001 to 0.01 mho pe 
meter. Values between 0.6 and 0.7 neper pt. 
wavelengtl1 were chosen for calculation. Since 
those vsl'-ia seem somewhat on the high side, 
a value of about one-half a» much was also 
used to indicate the effect of reduced attenua- 

The order of magnitude of the calculated 
ratios ia the same as those measured except 
that the experiments have a reversed front-to- 
back ratio for k/4 wires 3 ft above the ground. 
The experiments showed these to be due to 
voltages induced in the down-leads. Computa- 
tions of front-to-baek ratios were first made 
for 7,ero flTimuth angle, i.e., for coilinear wires, 
one of which points at the transmitter. For 
such wires the at gfe f - 0. For lengths of wire 
which gave a sizable front-to-back ratio, com- 
pulations were also made for values of 4 from 
I)0 to 90'. These correspond to coilinear radial 
wirps nol pointing at the transmitter. It will 
be Been from Table 3 that the front-to-back 
ratio does no( shrink to unity rapidly as 4 in- 
creases from zero. In one case the maximum 
front-to-back ratio is obtained on the pair of 
wirea not pointing toward the transmitter. 
Such false indications were noted during the 
experiments when arrangements of wires not 
of the optimum length were used. Since (he 
measurements of only front-to-back ratios do 
not give a sensitive indication of the direction 
of the transmitter, it is necessary to compare 

open-circuit voltages at the inner ends of the 
wires which are n^t in line. 

Taking as a reference a wire pointing to- 
ward the transmitter and for which « - 0 and 
i-imwiiliTlng other wires of angular displace- 
ment —*. an inspection of the formulas shows 
that the magnitude of the open-circuit voltage 
for any wire is approximately proportional lo; 

gnra\ ^t"•'   ^t'    I'-AiMi- 

In the above expression, a is neglected in the 
terms having ß in the denominator, i.e.. p is sub- 
stituted for u + iß. Since f», p.. cos * cos B it 
is a function of <>. A is also a function of <t>. 

For ground waves A is proportional to cos *. 
For high-angle sky waves (« > 70° to 90"). 
the reflection coefficients r, and '» are about 
equal in phase and magnitude. Assuming them 
alike and assuming *', and h\ have the same 
rms val'.'"« for a time interval of a few seconds 
but are related at random as to instantaneous 
magnitude, A is proportional to 

For low-angle aky waves, the resultant elec- 
tric force due to arriving and reflected waves is 
greater for vertical polarization than for hori- 
zontal polarization, that is. 

For 6 mc, ground conductivity of 0.008 mho 
per meter and ground dielectric constant of 10, 
the following values of \v\ and \li' result if the 
wires are 3 ft above ground; 

n i/MB* owi/2'_ 1 in        (i DM 

0 «1, !«= " "/'"JL"        "M        " :*7 

O.m/lB.y 0 74/13" 0 4« (US 

For angles where h   ia appreciably less than 
the coefficient .-1 is proportional to: 
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I'Bins' these asüumptiuns and appruxima- 
tiona, the ralio of tht vollaKc "n a ttittWUe 
wire pumtintt towaid the traiiamitter to the 
voltaire cm a wire of amtular dJÄplaeement *c4 
may l>e computed, RCSUHH of TOmputatinnH for 
■W' and A (wire-ground speed) 3 ft aiiove the 
earth are given in Figure 4. A trttfiuautf of 6 
tnt and values of elevation angle f of 10s, «T. 
and 80' ■A'ere used, a was taken as 0,014 neper 
per meter 1Ü.64 neper per wavelength) 

It will be seen that V wii"w which give 
relatively large frontto-tiack ralio* for high- 
angle aky waves give poor aiimuthal diMrimi- 
nation. It will alao be «een that A wires have 
good azimulhal diretlivity tor low- or mi'dium- 
angle ^kJ, waves. 
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TORTABLE RADIO ASSAULT BEACON 

«[ni.menl of ■ rtaiD I«-" m tu guMr .in lnf«ntry- 
ID an ubjinti « fur a di.t. M« of 2,EO0 yd with an 

neiit  »1 ready  »vailahle. 
ndulatior.  mflhD.lii,  tn- 

y,  ioluti»ii i.t  ttiy-diek troubl««  arc   d™rii*d. 
rrtil^r  part ictot'a flual  report'  on 

iiUim-d  in  l\ im  sunimary,  thf  chief 

'" IMHOfHCTHtN 

AT THE BÖIINNING of IhiH project- |>ort«blt! 
. rmiio assault bencons were in use by the 

British for tile guidaive of tanks, the assemb- 
luge of paratroopers, etc. The British beacon 
used two Beveratft antennas at rijfh; angles. 
Each sntenna was several hundred feet long 
and was atretchs'd alonjr the ground, usually 
supported a, few inches above the ground. 

In this country, some attempt was made to 
use a crossed-loop antenna system as a (»aeon 
for guiding troops to pill boxes, and other tar- 
pets through fog, smoke, Jungk, or at night. 
The crossed loops, however, gave results which 
were inferior to the British system. This proj- 
ect studied the performance of the British 
beacon under various conditions of terrain, 
weather, antenna length, frequency, obstruc- 
tions, size of antenna wire, angle between the 
antennas, height of the wires above earth, in- 
equality of antenna currents, and the polariza- 
tion error under various conditiona. 

Existing Army radio transmitters and re- 
ceivers were incorporated into a beacon similar 
to that of the British but provided with means 
for steering the defined course over an arc of 15" 
or 20" to obviate the necessity of laying out the 
long antennas very accurately. 

The original requirements that the course ac- 
curacy be +1/^ were manifestly impossible of 
attainment because average site errors in d-f 
systems^are greater than this figure.   The re- 

quirement was modified to be ±3°. Original 
instrucljons that the equipment was to be the 
best possible was also changed to a request 
that every effort be made lo utiliie equipment 
already available in the field and to make as 
few changes (n this equipment as possible. 

These requirements limited the field of study 
considerably and finally the development was 
centered around the use of the SCR-536 re- 
ceiver and SCR-284 transmitter. 

MM i of Type of Bet 

■ l'i.ij.rl   l: 
I.M.I M   Hili 

t No. OEMai 

Six types of beacons were considered. 
1. Crossed loops set at 45" to the required 

direction. 
2. Crossed loops set at 0° and 90' to the re- 

quired direction. 
3. Crossed Adcock antennas. 
4. Spaced antennas. 
5. British type using Beverage antenna. 
6. Modified British type using Beverage an- 

The d-f systems most commonly used are the 
crossed coil and the Adcock system. They have 
been used very successfully for aircraft naviga- 
tion. Because of portability requirements, it is 
clear that the Adcock '.ype of antenna could 
only be used at very high frequencies. Because 
of site errors the use of very high frequencies 
was discarded. No work, therefore, was carried 
out with Adcock antennas. Work with crossed 
loops was successful but the results proved to 
be less satisfactory than with the British and 
modified British systems described below. 

litOP OKIENTATION TO 
ELIMINATE KEY CLICKS 

It found that one of the major 
difficuHies was the elimination of key cliekH 
which were likely to be so strong as to seriously 
reduce the sensitivity of operation, it was sug- 
gested that the crossed loops be located at V 
and 90- with respect to the desired direction 
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inntead of at 4BC angles with the direction in 
the center. The current in the 90" loop would 
have it» current reversed in direction lo 
produce ttje HWitching of the antenna pattern. 
The current in the 0° loop would remain 
conxtant so that the signni »trength of the 
liRnal along the desired direction would not 
change during the switching period. This meth- 
od was found successful. 

"" BRITISH AND MODIFIED 
BRITISH SYSTEMS 

The two Hystema which seemed to give the 
most promise were the British system and a 
modification of it. The British system consists 
nf two Beverage antennas Kit at 45'J to the 
required direction. The antennas are stretched 
a few inches above the grou.id and act in a 
manner very similar to the ordinary crossed- 
coil avstem. Like the erossed-coil system, the 
British beacon suffers from troubles due to 
key clicks. That problem was not solved for a 
considerable time, however. Eventually a relaj 
was developed which reduced the Ury clicks lo 
such low intensity that the British system was 
found to be accurate and sensitive. 

The modified British system was an attempt 
to eliminate the key clicha in a manner similar 
to that in which they are eliminated in the 
crossed-loop system, i.e.. by locating the ground 
antenna at DO" to the required direction and 
by use of a vertical antenna. This system wax 
found successful and from an operating point 
of view was almost identical in sensitivity to 
the British system but in certain respects of 
installation was somewhat more complicated, 

"*        SEI.EITIO> OF MODULATION 

As regards modulation the British reported 
a hand-operated system In which an operator 
switches from one antenna to the other and 
simultaneously speaks into a microphone saying 
"left," "right," etc., as he switches. The listener 
then judges the relative intensity of the words 
"left" and "right" and goes to the left or right 
accordingly until the intensity i>f the two words 
appears approximately equal. Some British 
reports have indicated remarkable accuracy 
with tlua system of modulation. Experiments 
under this project, however, did not show the 

degree of accuracy claimed in those reports 
for normal nperating conditions. Other foi ins 
of modulation systems such as the dot and dash 
systems were tried but were not found to be 
as accurate or as sensitive as the results ob- 
tained with the standard A and N system used 
on aircraft radio ranges. 

The modulation can be carried out in one of 
two ways. When the listener Is away from thf 
required direction he must hear a difference in 
intensity between the signals as the transmit- 
ting antenna is swi ched. This difference In 
intensity may 'v obtained either by a change in 
intensity of the radio frequency or a change in 
the percentage modulation. In practice it would 
be preferable to change the intensity of modu- 
lation because in that case the automatic vol- 
ume control [AVC] of the receiver could be 
used to its full extent without decreasing the 
sensitivity. When the r-f intensity is changed, 
however, it is essential that the AVC be elimi- 
nated, or that toe time of the dots and dashes 
be short compared with the time constant of 
the a-v-c circuit, or that the intensity of the 
signal be sufficiently weak so that the AVC 
does not operate, or operates only partially. 

Since it was eventually decided to try to 
develop a system using equipment available in 
the field without making any internal modifica- 
tions, it was clearly not possible to use the sys- 
tem in H'hieh the percentage modulation was 
changed. The system eventually developed was 
based on the compromise of using a signal 
which was sufficiently weak so that the AVC 
of the receiver is only partially operative, 
thereby permitting the detection of changes in 
signal intensity. One method of detecting small 
changes in modula'ion was discussed but even- 
tually discarded because it would have required 
careful operation by the infantryman. This 
method conaiated in using a limiler in the re- 
ceiver, such as in available In f-m receivers, and 
adjusting the level of the signal at the limiter 
so that »mall changes of signal Intensity 
produced a large change in receiver output. 

The original  requirement of an accuracy of 
- i;,   mu greater than the accuracy normally 
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»htnined with Hirectitm findinfr. Since it wa« 
ulaii clear that any ItWWtl beacon ayalem would 
suffer from orrora similar to d-f errors, it Ap- 
peared that even though an accuracy of ± Vu 
miirht itc iilitiineci the aliMolute direction uould 
prohahly not be known with an accuracy of 
belter than • 2 for mont condilionH, and 
under some condltiona, a considerably greater 
error might it obtaineü, A few tent,1« indiiiited 
that it wac probable fhal a Bjitem eiiuid 1* 
developed whitii MCllU give u high degrte of 
sensitivity. Therefore. It bMttuC apparent thai, 
lor practical purponeH. it waa eMsential to keep 
site errors lo a minimum. Originally it had 
boM sugKe.ited that friH|Ueiii-ies between 40 and 
48 mc be uxed. This BUKEestion was based 
larirely on experience with radio ranftes at air- 
ports and because at those froquencies it might 
Im possible lo use spaced antennas BierPhy 
providing greater sensitivity than would be 
possible with the comparatively blunt type of 
directional pattern that a loop or Adcock an- 
tenna provides. Conditions in the field, how- 
ever, were found to be substantially different 
from the conditions found at airports. It was 
also decided that the vast amount of informa- 
tion available on d-f errors should be used in 
deciding which group of frequencies would 
reduce the site error« to a minimum or at least 
to practical values. Pr, Smith-Rose indicated 
from his experience, which also checked with 
the experience of the contraitor, that the very 
high frequencies would produce irrealer errors 
than lower frequencies. He suggested using 
frequencies around 300 kc and lower, and that 
if such frequencies could lie used it was proba- 
ble that site errors as low as 1° might be ob- 
tained. However, no equipment was available 
in the Held for these low frequencies and the 
site of equipment for these frequencies was 
likely to be excessive if reasonable elticienty 
was to be obtained. Moreover, the Army in- 
dicaled that these low frequencies might not W 
available for this use In the field, Smith-Rose 
pointed out that the errors increased with in- 
crease In frequency and reached a minor maxi- 
mum between 3 and 10 inc for the reason 
that at those frequencies an average tree is 
approxi-nalely A 4 long and by ils rwonance 
causes comparatively large errors. He indi- 
cated that errors of the order of B" could lie 

expected in this range and suggested the use of 
frequencies around 15 mc with an expeclalion 
of reducing the average site error by about 14°. 
The frequency eventually selected was 5 mc be- 
cause equipmenl was available in the field at 
those frequencies. 

Originally NORC indicated an interest in 
studying the difference in operation between 
horizontally and vertically polarized waves. The 
selection of a frequency of 5 mc eliminated the 
use of horizontally polarized waves, for within 
a few hundred feet of a horizontally polarized 
antenna mnst of the horizontally polarized 
waves seem to be eliminated and only the re- 
maining vertically polarized portion is received. 
The suggestion had been made because it was 
believed that the horizontally polarized waves 
would be able to travel farther through wooded 
territory and produce less error than the 
vertically polarized waves, since trees are main- 
ly vertical. No work was carried out on this 
angle of the project because of the decision to 
use a frequency in the h-f band instead of the 
v-h-f band, and because it was believed im- 
practical for an infantryman to carry a non- 
directional horizontally polarized antenna. 

ii - KM'KRIMKNTAI. RKSUl.TS 

C BOSSED-Looi BEACON 

The crossed-loop system is shown in Figure 
1. The loop at right angles to the course is con- 

neclcd to the transmitter through a keyer 
which reverses the polariiy of the currents in 
this loop in accordance with an A anj N.   It 
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was huped that by performing the switchinit 
in that loop which has a null in the direction 
of the course, the occurren'.e of key clicks on 
course would be prevented. To avoid deluning 
the other loop whenever the keyed loop was dis- 
connected in the procetw of Hwitching, it was 
neceimary to resonate separately each loop. If 
the two loops were tuned by a Binglo capacitor, 
the unkeyed loop was detuned to such an extent 
when the keyed loop was disconnected durinit 
the keyinir process that the KeyinK was fully re- 
iroduced in this loop. The tina! circuit shown 
in Figure 1 was more complicated than the 
British system and the tuning procedure re- 
quired considerable care. 

The field strength obtained with a loop 
2 ft square WBH about '« that of the British 
beacon and averaged about 12 ^v at P'j miles. 
The width of the coui« was +2- for a 1-db 
difference between the A and N aiirnals.   Ex- 

course width and the greater difficulty of 
tuning this system, the crossed loops were 
abandoned. It is possible that the crosaed-loop 
beacon would give satisfR^tory result« at fr.'- 
quencies of the order of 40 to 48 mc and also 

THE BBITIHH TYPE OF BEACON 

The transmitter used was the SCR-284 which 
has s. maximum output power of 5 watts. The 
antenna was connctted as shown in Figure 2 
with a keyer switching from one antenna to the 
other. The firat tests were carried out using 
the words "left" or "right" spoken in the micro- 
phone in accordance with the British method. 
In the first tests ench antenna was about 220 
feet ling following the British recommenda- 
tionf.. It was found. Imvever, that shortor an- 
tennas could be uaed just as effectively and 

tually antenna» as nhort a« 100 feet were 

perience with loop antennas amply indicated 
that no appreciable improvement could be ob- 
tained by increasing the size of the loops and 
it was also felt that larger loops would be un- 
desirable from the standpoint of portability. 
Because of the low field strength, the greater 

[TH "LEFT-P-IGHT" MODULATION 

L'sing antennas 220 ft long, tests were made 
on the width of the course as detected by a non- 
technical person who had been given some 
training in listtning to the signals, A Navy 
RBZ receiver was used. The frequency used 
was 5,8 mc. 
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TeMla wore made with AVC bnth on and off, 
Thp »iirnat wns »ufflpiflntly- weah in most cases 
Ihat the AVC did not have any large effect. 

The i-eau)t8, of which thost shown in Figures 
3 and 4 are typical, indicat« that the course 
defined in this manner of operation is very 
wide, ranging up to S" for medium and long 

difltancea and has very poor definition within 
the fiMt 100 or 150 yd. Although these teats 
are highly subjective they do give an indication 
of the bluntness and inndeiiuades of thiB type 
of beacon compared with (he requirements of 
the Army for this equipment. While the course 
could be followed more accurately by well- 
Irained personnel carefully controlling the in- 
put and output, level" of the receiver, it was 
apparent that the renuired accuracy could not 
be attained under normal operatintr conditions. 

One ree.son for the bluntness of the course 
according t" this system was the difficulty of 
distinguishing differences in loudness between 
two dissimilar sound» occurring at different 
times and probably spoken with different 
degrees of loudness. It was expected, therefore, 
that considerably increased sensitivity would 
be obtained by using tone modulation. 

RESULTS WITH A-N MODULATION 

The use of tone modulation (1,000 cycles) 
produced a (rrenl improvement in the sharpness 
of the course. An important limiting factor 
appeared to be the key clicks. It was found 
difficult to compare accurately the loudness of 
the A and N signals in the presence of strong 

key clicks. These key clicks were frequently 
so much stronger than thy tone signals that 
the observer had difficulty in eliminating from 
his mind the clicks and concentrating on the 
tone. The result was often very confusing ex- 
cept to the highly trained personnel. Much 
work was carried out on the elimination of key 
clicks. It was found that they could be elimi- 
nated or reduced to negligible amounts either 
by using the modified British system or by a 
relay of special design. 

After the key clicks had been substantially 
removed it was found thai the speed of keying 
could be increased to 64 characters a minute 
and still be comfortably read by an untrained 
observer. Under those conditions the width of 
the courafi obtained was about + 1" for a 1-db 
difference 'n signal level but aurally the course 
width was tW to (rained observers. The site 
errors weie considerably more than this, being 
of the order of 2". The course could be fol- 
low«! with a receiver having AVC such as the 
SCR-536 and the Navy type RBZ. However, to 
attain good sharpness of the course with such 
receivers it was necessary to retract the anten- 
na, slightly detune the receiver, or otherwise 
maintain the receiver input sufficiently low to 
minimize the a-v-c action. This was particular- 
ly important at the closer distances, say the 
first 400 yd. It was also found important not 
to overload the receiver by permitting excessive 
input voltages, since this could cause an ap- 
parent reversal of the A and N quadrants when 
considerably off course. 

FACTORS APPKCTINI; OPERATION 

The system was studied in detail by ana- 
lyzing the effect of changing some of its para- 
meters and sources of error. The factors 
studied were: 

1. Length of antenna. 
2. Size of wire, 
3. Angle between the antennas. 
4. Height of antenna. 
5. Effect of obstructions. 
6. Effect of unequal currents. 
7. Effect of polarization, 
8. Effect of sky wave. 
9. Effect of weather. 
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Figure 5 shows that not much is Rnined by 
mukiiiif the antenna longer than 100 ft. 
Although iieaaurementa shuwt'd that sharper 
coui'Ke« would be obtaiiied «ith longer anten- 
na», the course with the lOO-ft antenna is only 
± Vä" wide which is aufflcientty sharp. 

The current distribu'.ion was measured to see 
if standing waves were appreciably reduced 
when using long antennas. The current in a 
ground antenna a- long as 230 ft was a stand- 
ing wave having an attenuation of only 25 per 
cent per wavelength and a velocity of propa- 
gation öf 0.8 the velocity of light. 

No appreciable variation of the velocity of 
propagation was noted when No. 18 enamei- 
covcred wire. Army wire W-IIOB, No. 14 
stranded insulated wire or No. 14 solid copper 
rubber-cove red wire was used. Although the 
desii-ability of using thinner wire to obtain a 
higher velocity of propagation was evident, 
experiments with such wire showed it to be im- 
practical for field use. 

EFFECT OK ANCLE BETWEEN ANTENNAS 

H per cent along the direction of the course. 
The only advantage in using a HO"1 angle Is the 
greater ease of accurately laying out this angle. 

The degree of interaction of the two an- 
tennas is shown in Figure 6, Here one antenna 
was energized and its field measured at a point 
on a line making an angle of 45° thereto, 
while the unenergized antenna was swung from 
a position parallel to one perpendicular t" the 
energized antenna. The maximum variation of 
the Held under these conditions was about H 
per cent. The field strength was 157 (in rela- 
tive units) when the unenergized antenna was 
entirely removed. When it was placed perpen- 
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ilu-ul,ir to the energized antenna and raised 
from the ground to a height of 8 ft, the field 
strength varied only from 102 to 164. It may 
I» concluded from these measurements, and 
from the many 380 ' surveys of the courses 
which were made, that a deleterious interaction 
of the antennas will not occur under any con- 
ditions likely to be encountered. 

The BO" angle between the antennas of the    EFFECT OF ANTENNA HEIGHT 

Uritish system is not essential. A system using 
a G0: angle WRB tried and the course obtained 
was fully equivalent to one using the 90^ an- 
tennas except that there apparently was a 
slight amount of coupling between the two an- 
tennas in the OO^ position so that Uli" field from 
the energized antenna was diminished about 

Measuri"i('ntK indicated that raising the an- 
tenna from the ground to a height of 2 ft 
increased the field strenKth in the direction of 
miixinium radiation only about 25 per cent, and 
that a height of 6 in. produced only a 10 per 
cent gain in field strength over the case of the 
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antenna !ymtr on the ground. Therefore it was 
decided tn adopt the simple practice of stretch- 
ing the antenna along the (troond unsupported. 

KFFECT OF OttSTRlKTIONS 

For this type of beacon olistructions near the 
Iranamitter appear to have very little effect on 
site errors. Such obstructions as a full-scale 
model airplane 25 ft from one of the antennas 
did not appreciably affect the course. An auto- 
mobile placed within 5 ft of one of the anten- 
nas also had no measurable effect. A small 
biiiiding havintr electrical wiring about 20 ft 
from the apex of the antennas, small trees, a 
wooden tower 20 ft tall, and another wooden 
tower 40 ft tall, close to the antennas produced 
no noticeable deviations of the course. 

Obstructions near the receiver site were 
found to be quite important. Bends in the 
course resulting in errors aa high as 4° were 
noted in the neigh'njrhood of overhead power 
lines, and multiple courses were also noted in 
their neighborhood. In one case a course was 
traversed by a power lire at an acute angle at 
a distance of 400 yd along the course. There 
was alao at thia point on the course a building 
1&0 ft long and 4U ft high having electriwl 
wiring. The course was bent about irj in the 
vicinity of thi! power line. However, the courae 
was found to lesume approximately its reiroct 
direction about 100 yd beyond this line. The 
effect of these obstructions was undoubtedly 
increased by their location on high ground. 

There appeared to be some correlation be- 
tween hills and deviations of the course, but it 
was inconclusive ixcauae of the invariable 
presence of other site factors. The course was 
found to be straight through woods. A barbed 
wire fence across the course at an angle of 
about 90" did not appear to bend it measurably. 

KFFECT OF UNEQUAL CURRENTS 

The course of the British beacon lies along 
the bisector of the angle between the antennas 
when the antenna currents are equal. When the 
current in one antenna is greater than the 
other, the course is deflected toward the other 
antenna. This effect is utilized in directing the 
course. Capacitors C, and C; in series with the 

antennas, shown in Figure 7, vary the currents 
in the antennas and thus determine tho direc- 
tion of the course. These capacitors (maximum 
capacity 100 ^f) are varied differintially by a 
single control knob, which when turned to the 
right steers the course to the right, and w hen 

K 7.    M"duUtur-k»yer t uMfl with Brit- 

turned to the left steers the course to the left. 
The course may be steered ±20°. The course 
may also be steered by potentiometers placed in 
series with the antennas at their sending ends. 
It is considered more advantageous, however, to 
use capacitors because of the ease of attaining 
smooth operation, the avoidance of loss in the 
potentiometers, and the greater durability of 
condensers. 

EFFECT OF POLARIZATION 

The ground antennas in addition tn radiating 
the dexired vertically polarized field also radiate 
a horiiontally polarized field. At a distance of 
'i00 yd, at an angle of 45°, with the anUnna 
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3 ft above the tlTound. the vertically polarmd 
Seid was 3.5 mv and the horizontally polarized 
field was O.-il mv. The horizontally polarized 
fipld is uftpalile of producing an error of 2" at 
100 yd and l" at 200 yd. The pokrization 
error at 300 yd is Vi" and at ffreater distances 
it becomes neffliKible. These errors represent 
the maximum deviations which can be obtained 
with the SCR-536 receiver at heights of about 
2 ft above the ground and were determined by 
locating the apparent course with the receiver 
held horizontally and at right angles to the 
courae, and then turning the receiver 180p in 
the horizontal plane and relocating the courae. 
The difference between these two course deter- 
minations is called the horizontal polarization 
error. 

SKY-WAVE EFFECT 

The course was tested at night and no sky- 
wave difficulties were noted. The critical fre- 
quency of the F layer at Washington at the 
time was lower than 5,5 mc. Therefore, sky- 
wave propagation at this frequency could occur 
only by means of sporadic E-iayer clouds. The^ 
radiation of the ground antennas ir a vertically 
upward direction is so small that it seems very 
unlikely that an appreciable signal can ever be 
received via the ionosphere. The course showed 
the same accnacy at night as during the day. 
A loop direction finder placed on course at a 
distance of 2,500 yd showed no evidence of 
polarization error. There was also no evidence 
of fading at this distance, using a meter in the 
output circuit as an indicator. 

EiTECT or WEATHEK 

This British type of beacon was tested under 
various weather conditions including heavy 
rainfall and while the ground was covered 
with a light snow. Such weather conditions 
did ni,t appreciably shift the course. The courae 
shift from a dry day to a succeeding rainy day 
measured at a distance of 700 yd was only i/*°. 
which is within the limits of experimental error. 

tuiuias. The antennas for the modified British 
system consist of a ground antenna at 90^ to 
the desired course, and an antenna for radiat- 
ing vertically polarized waves of the proper 
phase with respect to the field from the first 
antenna. The second antenna may be the verti- 
cal rod antenna normally used with the SCR-2H-1 
transmitter. Three antenna systems for the 
modified British beacon are shown in Figure 8. 
In Figure 8A the ground antenna at right 
angles to the course is a dipole type of Beverage 

MODIFIEP BRITISH SYSTEM 
antenna. The antenna system in Figure 8B con- 
sist* of a pair of single-ended Beverage-type 

The equipment for this system differs from    antennas arranged in a straight line at right 
that of the British system chiefly in the an-    angles to the course. The course is obtained by 
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reversing the current in the 90' antennas and 
thus awitehintt the radiation pattern. 

The modulator and keyw unit for the mod:- 
fied British beacon is similar to that of the 
Britiah beacon, A circuit diagram is shown in 
Figure S. 

The course of the modifleri British beacon can 
I« shifted by suitable means. One -uch means 
which haa bt-cn thoroughly tested is shown in 
Figure 8C and eonaists of a pair of antennas 
about IB ft long nrranged along the ground at 
right angles to lie main ground antennas. 
These antennas are fed through a pair of um- 
controlled capacitors which vary the current in 
these antennas. By means of these capacitors 
and a reversing switch (SW., in Figure 9) the 
course may be shifted about 7" to the right oi 
left. 

factors are variations in height of the antennas, 
length, ground over which the antennas are 
stretched, and current distributions of the an- 
tennas. The independence of the modified sys- 
tem nf these factors affecting the intensity of 
the radiated field arises from the fact that the 
course in this avstem is determined only by the 
location of the null of the radiation pattern and 
not by the absolute magnitude of the field or the 
shape of the radiation pattern. 

Faetorg Affetting Operulion. The modified 
British system was studied by analyzing the 
several parameters and factors which might 
cause errors, 

Ground antennas of various lengths were 
studied, both of the dipole and single-ended 
types. Theae studies showed that a dipole 120 ft 
long, and a single-ended antenna 60 ft long had 
a sharp null and a high ratio of vertical to 
horiiontal polariiation. Figure 10 shows the 
radiation patterns of several types of antennas 
in the neighborhood of Uie nulls and exhibits 
the superiority of the 120-ft dipole at 5,5 mc. 
Similar testa showed that BO-ft and 100-ft 
single-ended antennas had satisfactory radia- 
Jion patterns. These curves, of course, are ap- 
plicable only to sntennas utilising the type of 

FiKure T. 

PURPOSE or MODIFIED BRITISH SYSTEM 

The original purpose of the modified British 
beacon was to eliminate key clicks by perform- 
ing the required antenna switching in those 
antennas which have a null in the direction of 
the course, and thus prevent the switching from 
affecting the field in this direction. 

Another purpose was to eliminate those 
errors which are caused by factors that may 
cause the ground antennas of the British 
l>eaeon to radiate fields of different intensities 
or different directional cnaraeteristics.   Such 

wire and arranged at the heighta above ground 
used in these teats. 

The effect of the size of wire and the height 
above ground has already been discussed, and 
the same findings which apply to a single-ended 
antenna also apply to a dipole type of ground 
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iiütter.ndncei.er .11« «re the .urn » tor the tommuUlion „houW Uk. plar. only .Iter thi. 

T.l™d.     d."™"\h..ll.cl.tu„.,..l Ity,   II   w..   .1.0  found   lm„o,Unt  Ih.t   the 

.„trer.m the po.ltio. o, the .o.„. ^'^^.^T^Z^ 
showed lhat even a ratio as great M four to 

B between the turrents in the main ground 
airt.Tii as had no effect on the location of the 
course. This is very important because unequal 
antenna currents always occur. 

The effect of horizontal polarisation in caus- 
ing errors was found to be the same aa in the 

Ing contact should cause as little delay c 
the action aa possible. 

The first relay tried, while suitable for the 
voice-modulation type of British beacon, was 
found entirely unsuitable when tone modulation 
and A-N keyin« were applied. An antenna 
chanire-over relay having a 1/3(MI-second time 
of throw was also found entirely inadequate. 

"xfhS"fth.v.rtl»lrod.nttni»...dth.    So.^tloo  .wlKhe. .»ch .. . <&***»* 

„thi. .«.no. detertttlne the „„,. of    prod.,«! ?*?»?? ^JZ^^IT current i.. —. 
the beacon und the sharpness of the course. With 
ground antennas 60 ft lone a 9-" vertical an- 
tenna gives approximately the same range and 
sharpness of course at a frequency of 5,5 mc 
KS the 45° antenna of the British beacon. 

" '       DESIGN OF SWITCHING RELAY 

It was eariv recognized that one of the chief 

tngcmenU having make-before break action 
gave no improvement. 

A double-contact switch makimt contact first 
through a resistor and then making contact 
directly was tested. The resiatorn were varied 
from 0 to 2.000 ohms and the bast click ap- 
peared to occur when the resistors were entirely 
out of the circuit. This scheme ap|>eared to have 
no promise. 

An Allied Control Company Type AK relay 
modified similarly to one used by the Naval Re- 
search Laboratory for the same type of beacon 
and loaned for study was tested and found to 

tested. The have a change-over time of approximately 
to study the 1/2.000 second. This relay would probably give 

cause of the clicks. It was föund^that the dicka very little key click. The result w.s obtained by 
result from the fact that during the time of an excessive current in the ^^^^ 
commutation the r-f current in the antennas them to become extremely hoi. hi 

was reduced to a low value and that the 

problems in perfecting the British beacon 
that of eliminating key clicks. One solution 
the use of the modified British system, 
other was the deaign of a special relay- 

Many variations of relays 
first attack on the problem 

tensity of the clicks was dependent on the time 
during which the current remained low. The 
designs were, therefore, directed toward a relay 
in which the actual lime of commutation was 
reduced to a minimum. In commercial practice 
this result has been achieved by the use of very 
large magnets operating small moving parU. 

of relay was no longer manufactured, no work 
wan done to incorporate it in the experimental 
models finally submitted. 

The relay shown in Figure 11 «as built along 
the principles of having a light contact reaching 
a substantial velocity before commutation. It 
could be adjusted to have a change-over time of 
about 1/4,000 second. To avoid chatter it \ 

irhing as much a« 20 lb have been    necessary to dampen the vibralnn of the mov- 
B        B _      ..  u       .ui t i_   1.,.   r.   nt.*\iina  nt   AirfnBm   SDonire Relay» v - „ 

used for this purpose. In the present case such 
relays were not practicable. It was also found 
undeeirable to develop a relay which would 
reduce the current in one antenna gradually 
before increasing the current in the other an- 
tenna. The effect of such a shift was to reduce 

able contacts by a packing of Airfoam sponge 
rubber. This relay was connected across a 12- 
volt battery which was switched f:um coil to 
cull by a microswitch. The current taken was 
1,5 amperes. The relay armature and movable 
contacts would normally occupy an inter- 

Id be    mediate rest position where they do not con- thp accuracy with which the 0^«.=. 
detected To reduc- the time of commutation it    nect to either fixed contact dunng the throw 
was realised that the moving contact would    of the microswitch, because the nucrosw.tch 
have to be made as light as possible and that    takes a comparatively long Um. to move from 
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n™ o( it. ronttcl, to the othsr .nd th. coil, of .otomu are .imolUnrao* »«««teU to the 
Z ™liv I?" üne,..nrl.ed for . ..lüci.nt time tr.n.mltter for th. v.ry br.ef t,™ of .bout 
o .1 ow th'X m^bl. contact, to retur. to    O.mtOl »con J, b.t thi. appear, to have no bad 

one position. 
The relay can easily be set to have a change- 

over time of 0.0003 second. It showed no de- 
terioration of performance after 24 hours of 
continuous operation. Thene result* require a 
positioninK of the fixed contactn with a toier- 
ance of the order of 1/1.000 in. The models 
delivered to the Signal Corps were laboratory 
modela and might not be able to maintain this 
degree of tolerance under hard field use. The 
Navy Department Bdvbed. however, that such 
a degree of tolerance can be maintained satis- 
factorily in the field. It is believed, theref=rs. 
that with suitshle mechanical improvement in 
the design there will be no difficulty in having 
reliable relays for field operation. 

■i* SETTING UP THE ANTf-NMAS 
IN THE FIELD 

Several methods of installing the antennas in 
the desired directions were developed and 
mechanical aids were delivered wi!h the equip- 
me-t. These included a magnetic compass with 
a pair of sights and aligning bars. The antennas 
can bt aligned by placing them approximately 
in the correct directions and then by adjusting 
the currenU so that "■steering" occurs. These 
methods are de&cribed in greater detail in the 
contractor"» report on the project. 

ii« EQUIPMENT DELIVERED 

Three sets of the final model of the equip- 
ment for the British beacon together with an 
antenna aligning device were delivered August 
5, 1944. Each set of equipment consisted of an 
instruction book and a carrying case containing 
two reels of antenna wire, two antenna ground 
stakes, cablss. and a mortulatur-keyer unit. 

The modulator-keyer unit was housed in a 
waterproof box 10x7x9 in. The 1.000-cycle 
tone used for modulating the traneniitter, was 
generated by a Gnneral Radio Type 572-B hum- 
mer. The two coils of the keying relay were 

that there was sufneient reaidual magnetism to 
hold the armature in one position until the coil 
in the other position wwi energlaed. Later the 
relay circuit was modified «o that both coil» are 
energised during the change-over of the micro- 
switch and hence the armature is positively held 
In a given position until the coll in that posi- 

tion is ahort-eircuited. . fl j 
The relay is adjusted as follows. The fixed 

contactB are screwed In about 0.003 in. beyond 
the pivnt where they just touch the movable 
contacts. During operation the movable con- 
tacts acquire such a high velocity just before 
making contact on the other side that the closed 
movable contact cannot, by virtue of its spring, 
remain closed. The best adjustment of the relay 
appears to be one in which the change-over time 
is about 0.00025 second. When so adjusted both 
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connected across a 12-volt batterj-, A cnm- 
operated microawitch short-circuit«! the coils 
alternately. The cam WU cut to produce inter- 
locked A and N charaetera and was rotated by a 
Haydon timing motor. The speed of the motor 
was adjusted to produce a keying rate of 64 
characters a minute. The motor is capah'" nf 
keying up to 128 characters a minute by a suit- 
able adjustment of a resistor. A pair of 100-^f 
straight-line frequency capacitors were used for 
setting the course within 20' of either side of 
the bisector of the angle between the antennas. 
The capacitors were coupled together so that 
they were rotatable by a single knob and were 
arranged so that they varied differentially liut 
had equal capacitances at a midposition. 

The unit was powefd by the 12-volt battery 
used for the transmitter. Its power consump- 
tion was 3.7 watts. It was capable of producing 
100 per cent modulation of the transmitter at 
the majtimum power output of the transmitter. 
The weight of the complete unit in a heavy 
steel box was 18 lb. This weight could be re- 

TutLY. i.    CimiimllMi-. 

j Cmwil li>o[i- it II" a 

duced to a lb by the sulistitution of an alu- 
minum box and a reduction in size of the unit. 

in« t:<»v;u,siON 

Of the three types of beacons studied experi- 
mentally the British and modified British bea- 
cons were found superior to the crossed-loop 
beacon. The experimental models of the British 
and modified British beacons gave substantially 
equal results. The modified British system is 
less subject to certain possible sources of error, 
but it is slightly more complicated if a steering 
adjustment is required. From a designer's 
point of view the modified British system has 
also the advantage that the course can be 
readily broadened or sharpened at will by alter- 
ing the ratio of the currents in the vertical and 
horinonta] antennas. As the course is broad- 
ened the signal intensity on the course is In- 
creased and vice versa. 

A comparison of the three types of beacons 
is presented in Table 1. 

PMd Nm«th - 

Polurtiition IM 

lTn«|«Ht Inimh »I 

i  IJWH. I 10 min 

Approi. 30 Hi 

^•nt 100 vd 

j     0' «I K» yil 

i Hhlfl rmnsihUi 

IjiiHtthcnin«   23 
lonu liHt mil 
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Chapter  12 

U-II-F DIRECTION-FINDING ANTENNA STUDY 

llevelopment nf > direction-fin ding lyMem' 
the rxnge UU to 111)0 mi-, pravldlni 
ing iiidirHione for verlicaliy voforivd »l«n«li. Two 
„.,,,. ^„IW-U.i-s üliliie ■ common receiver Bud imlic^H.r. 
QM .nUnn. COMMI of «n Adcock .y.Wm with eutpul 
ti-d into H cmp»citiv* goniomeler: the other »ntenn« 
(for 3ü0 to «Uli mc) i« » roUtiii« element in trmil of « 
reflector, the poiition o[ the Vienna beinK .ynchromzed 
with the CBO indicator. 

11.1 iNTROnt'CTION 

THE OBJECT of this project' was. bmfly, to 
develop & d-f «yatem optrating in the u-h-t 

region of 140 to 600 mc. It was hoped that 
much of the experience gained and the mean» 
developed m previouB development programs 
on d-f systems for lower frequencies (1.5 to 30 
mc) could be drawn upon in this project. It waa 

found, however, that v.'hils the experience was 
useful, the method» employed in the lower-fre- 
quency ayatemB BO usefully could not be effective 

in the u-h-f region. 

I.J PROBLEM DEVELOPMENT 

In the flystemn developed for the 1.5- to ?0-mc 
region, aperiodic thermionic <cftthode follower) 
coupling between the high impedance of the 
antennas and the low-impedance line« connect- 
ing the antenna* to the receiver waa tiuite 
effective in making it possible to space the re- 
ceiver at some distance from the antenna, and 
to provide an impedance match between an- 
tenna and line. An attempt to use this method 
in the higher-frequency region failed for the 
simple reason that tubes available at the time 
provided no more energy transfer when the 
•ubes were operating normally than when they 
were cold. The major contribution to transfer 
existed in the capacitances within the tubes. 

It waa found also that an inductive gomome- 
ter had to be abandoned because the transfer 
through it waa largely capacitive and because 
of its low impedance. 

An   electronic   goniometer   depended   upon 

" . ProjMt C-80, Contact No, OEM8r-961. Federal 
Telephon.? and Radio Corpomllon 

obtaining identical transfer characteristic* 
through four separate tubes at all points of a 
modulation cycle. The difficulty of matching 
tubes made it impossible to obtain equality of 
transfer with modulation or to obtain adequate 
transfer of energy over the wide frequency 
range contemplated. This system had to be 
abandoned. Since the inductive goniometer be- 
haved better as a capacitive than as an induc- 
tive instrument, further work waa concentrated 
on the development of a truly capacitive goni- 
ometer with the result that adequate transfer 
was obtained. The linal model of the direction 
finder employed such a unit. 

Using the design principle which had previ- 
ously proved adequate in the frequency range 
1.5 to 30 mc, a ground plane carrying four 
monopole antennas, acting in pairs to give 
crssscd figure-eight diagrams, was constructed. 
Since the thermionic coupling means were 
proved to be unsatisfactory the anUnnas were 
terminated resistively. 

The receiver research for this project passed 
through three stages. The preliminary receiver 
was constructed having one r-f stage, an oscil- 
lator and mixer each tuned by means of coaxial 
lines the movable elements of which were 
ganited to a single control. The r-f input of this 
receiver was aPPÜL-d through a 5ü-ohm coaxial 
transmission line. 

The first modification waa alteration of the 
input circuit to obtain bwlanced input. The sec- 
ond and final modification consisted of a com- 
plete mechanical redesign to avoid the necessity 
for having the cumbersome tuning method of 

the previous mode!«, 

■■j SYSTEM EXPERIMENTS 

The first experiments with the complete d-f 
system were conducted using a capacitive 
goniometer mounted on the Type A indicator" 

"""The Type A indicstor iitiliie» a cuthoderay tube 
■nd circular trace. The tract ia obtained by mechan- 
Ir.lly rotalinti mattneti«: iklWlion caila about the neck 
m iru- iube T'n. ivf-.itkd rcc-ived jignal i* fed intc. the 
coll. to change (he circular trace to the typital pro- 
pel lev-nhaped direction pattern. 
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in place «f the normally used low-frequency 
gimiometer. The antenna output was connected 
to two balanced transmission lines, ono for each 
antenna pair, and applied to the two nets of 
stator plates of the capacitive goniometer. The 
first system tested was composed of the moat 
satisfactory elements determined from the pre- 
liminary research. The monopole antennas were 
reaiatively terminated. Use of two 10-ft bal- 
anced transmission lines enabled the collector 
system to be placed at a distance from the re- 
ceiving and indicating equipment. It was im- 
mediately determined that very poor nulls were 
secured, that the nulls were not reciprocal and 
that the overall sensitivity of the system was 
very poor. A modification program was insti- 
tuted leading to the following changes: 

was then constructed which gave reasonably 
good transfer characteristics. The character- 
istics of the capacitive goniometer are shown in 
Figures 1 and 2. 

—t 1 1 1  

One of the principal reasons for poor nulls 
and for nonreeiprocal bearings was the fact 
that the tranemiasion lines connecting the an- 
tennas of one pair were not properly shiekk'd 

iß ij. 

IP" 

The first capacitive goniometer used induc- 
tive means for coupling the rotor plates to the 
receiver input. This output transformer gave 
very poor transfer and immediate steps were 
laken to increase the efficiency. One Roniome- 
ler was constructed in which the inductive out- 
put device was replaced hy slip rings. A con- 
siderable gain in transfer was apparent but 
due to the use of a continuously routed gon- 
iometer, the slip ring» required frequent main- 
lenance.   A capacitive-output coupling system 

lion-flndtr rec 
■rt by routing 

ertir*  r-i and converte ,.,,,.,, m  lenKth 

|-...,r 
»ndb nd width f 1 cnr fnllgws 

and that there was direct pickup on these lines. 
It was found necessary to shield very 
thoroughly the transmission lines themselves, 
lo provide additional shielding at the crossover 
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point, antt  to  endow the  entire  transmission 
line ayitem within an additional shield. 

After the ahieldin« meana had been employed 
poor nulls were still observed over a «msider- 

the laianced output nf the goniometer to match 
the unbalanced coaxial transmission line. This 
modification not only enabled the distance be- 
tween the antenna and the receiver to be in- 

able portion of the fmiuency range and larpre 
urrora were introduced because of unbalance 
in the 40-ft transmission lines between the col- 
lector system and the goniometer and because 
of the differences in electrical length of these 
two lines. Therefore the capacitive goniometer 
was moved into close proximity with the an- 
tenna system. A further improvement was 
effected when the output of the goniometer was 
fed directly into a "balance box" transform in« 

creased but in addition eliminated a great many 
of the poor nulls which had previously been 
observed. 

At the same time it was possible to begin 
teats with an improved model of the receiver 
(Figure 3) having square cross-section trans- 
mission lines aa the tuning elements coiled on a 
drum which was rotated by the dial mechanism. 
This receiver used lighthouse tubes throughout 
and WHS more sensitiv? than previous models. 
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Some difficulty was encountered because of the 
use ut aliding short circuits as tuning elements 
of the transmission lines. 

To localize any difficulties which miftht be 
contributinjf to errors or to poor operation, an 
extemiive series of tests was institiited on the 
separate components of the collector system to 
determine the impedance characteristics of each 
uvur the frequency range and, if possible, to 
discover design criteria. The results obtained 
shw.ed that the antennas would be extremely 

didlcult to match to a transmission line and 
indicated why the capacilive goniometer ceases 
to function at about 300 mc and in general 
show the difficulties which were encountered in 

an attempt to make a monopole system of this 
type uperate ovr-r such a wide freijuency range 
without drastic changes in design. 

KIWI. DESIGNS 

reral lonths studies had been in 
progress on a collector system constituted by 
two oppositely connected dlpoic» «paced from 
each other and in front of a reflecting pUne 
surface. To obtain automatic instantaneous 
indication from a system of this type, a cultec- 
tor was eonstructcd as illustrated in Figure 4, 
This rotnting- collector was driven by a large 
Induction motor and the instantaiicous position 
of the collector was repeated through a aelsyn 
system so as to be shown on a CRO screen. The 
calculated directional pattern of the collector, 
the measured pattern and the resulting indica- 
tion are shown in Figures li and G. The system 
operated with satisfactory results between 300 

and fiOO mc, thereby supplementing the per- 
formance which had been obtained using the 
fixed monopolo system and the capacitive 
goniometer. 

As a liii;il step in the development, the low- 
frequency system (140 to 300 mcl. consisting 
of the five monopole antennas and the capaci- 
tive goniometer, and a high-frequency system 
(300 to 600 mc), consisting of the rotating an- 
lenna, were incorporated iVr use with a single 
control unit consisting of the receiver, an indi- 
cator and the necessary power supplies. 
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1 7 iihcjWH thai the a Fijrure 7 »huw« thai the aeaac performance 
of the 140. to 300-mc monopoli* system is rot 
adequBle. A considerahle amount of redeaiftn 
and further development would be necessary to 
obtain results which would permit a produc- 
tion-type system to be built. Figure 8 shows the 
directional accuracy of the monopule antenna 
collector system with the capacitive goniome- 
•er in the frequency range 140 to 300 mc. This 

and 600 me, nulls are always sharp and in every- 
way the operation of this system is much more 
satisfactory than that of the fixed-mo no pole 
system. 

tewo soiM 
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• , ̂    T -^N 
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MAKIHB    IN   0ESKIE1 

line operltion chaructpris 

performance  could  also  be  considerably   im- 
proved. 

The rotating antenna system is not subject 
to the same type of errors as the monopole 
system. The accuracy is indicated as ±SC in al! 
tests made. No sense ambiguity is possible 
with this type of collector system.  Between 300 
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FINDINr.   ANTENNA  STVm 

'»*      ttMCnaCAt CIRCUIT THKORY 

The entire system as finally developed con- 
HistH of three majnr units; Band I (140 to 300 
mi.) wave collector and KWiiometer; Band II 
(300 to 600 me) wave collecior; receivin«; and 
indiL-atinit unit for remote operation. (See 
Figure 9.) 

diagram is shown in Figure 11 where only om 
Adcock pair is indicated for the sake of aim 
pticity. The polar diagram of this array is i 
figure eight (Figure 12). 

This pattern follows a cosine function. If the 
antenna system were rotated by hand only one 
pair of antenras would be required, the position 
of the nulls indicating the direction of the re- 
ceived signal. For instantaneous indication the 
capacitive goniometer scans the output of two 
pairs of Adcockfl (four antennas). 

BAND I WAVE COLLECTOR 

AB ahown in Figure !0 the 140- to 300-mc 
Adcock wave collector consist» of five vertical 
monopolea mounted on insulator» over a copper 
ground plate. Directly below the plate and 
mounted in a wooden protective box are the 
capacitive goniometer, the driving motor, and 
the selsyn generator. The entire system block 
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GONIOHETER 

The rotor of the ifimiometer conciata of two 
semlcircuiar plates, A and B, in Figure 13, 
insulated finm each other The two pairs of 
atalors arc identical except that one i« oriented 
90° ■'■■ith respect to the other, One output ring 
ia connected solidly to rotor A, while the other 
is connected to rotor B. These are rotated inside 
two fixed rinits U> provide capadlh'e coupling 
to the rotor output.   (See Figure 14.) 

The stator plates are so shaped that the 
capacitive coupling between rotor and indi- 
vidu;! stators varies as a eoaine function with 
rotation. For example, assume both pairs of 
antennas connected to both stators and the 
signal being received ir the N-S direction. The 

away from (he previous ones betause of the 
positioninut of the E-VV stator. In this manner 
the goniometer will indicate beariiifca of signal« 
in line with the antennas. 

For the case where the aignal direction is not 
in line with either array, assume the sijfnal i» 
received along the line o-b (Figure 12). This 
means that there «ill be o-u volts delivered to 
stator E-W, and o-b volts delivered to stator 
N-S, Therefore, scroaa stator N-S there will be 
a voltage 

voltage ('i-r),anda 
I be a voltage 

«IPlNp-» 
r 

signal will be in the null of the E-W antennas 
so that no voltage appears acros« the E-W 
stator to be picked up by the rotor. For the N-S 
st itor, as the rotor is turned slowly, the output 
will vary from a maximum when the plates A 
and B are parallel to the stator to a minimum 
of lero when the rotora are at right angles to 
the atators. Thus two nulls are produced 180 
apart. 

Similarly, if the signal is in the direction of 
the E-W antenna, two nulls will ^igain be pro- 
duced 180° apart, except that they will be SO" 

For any rotor position, there will l>e a voltage 
coupled from stator E-W to the rotor propor- 
tional to B sin 8 and equal to 

K[eHin«], 

Similarly, the voltage coupled from stator 
N-S will be equal tu 

Ä[ecos*], 

If the rotor is lined up for maximum cou- 
pling to stator E-W. and then rotated through 
an annle /), the voltage across it will be 

ff[« Bin »Jtcos pj. 
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The voltBge cuupled into the rotor from stator 
N-S will vary from HTO tii maximum as ß ii 
intreascd and the resultant voltatte will be 

K[e er 

There will be HOUW 

li degrees where 

K [ecoB9]  [»in ft] 

iSl^intf]. 

position for a 

must be fed in phase to the goniometer output 
to produce a cardioid pattern. Since the Adcock 
monopoleB are cross-connected, an analysis of 
the voiUire i-ectors will show that the sense 
antenna output is 90' out of phase with the 
Adcock antenna output. To shift it 90c, the out- 
put of the sense antenna is fed through two 
unequal transmission lines, through unhalance- 
to-unbalance converters, and mixed through a 
relay  with  the   goniometer output.  The  line 

Ö-S 

Block diagram uf high-trcque 

At this point, the voltages will cancel in the 
rotor for lero output in a null position. Solving 
the above equation, it will be found that 

indicating that the position of the rotor indi- 
cates the actual bearing. This would produce a 
double null pattern as shown in Figure 15A. To 
establish sonsc, the output of the sense antenna 

lengths are so proportioned as to produce a 90° 
pha.e shift over the band. When the sense 
antenna is connected in the circuit ill. sense 
pattern would theoretically appuar as shown in 
Figure 15B where the pattern indicates the di- 
rection of the bearing. Because of difficulties 
with balance in two coaxial lines, the goniometer 
output is fed into a bgIance-t»-unbalance con- 
verts and then via a single coaxial line to the 
receiver. 

The goniometer is rotated by means of a 
motor which aiso turns a selsyn generator. This 
selsyn generator is i'sed to drive a selsyn motor 
in the indicating unit. 

BAND 11 WAVE COLLKCTOB 

As shown in Figure 16, the 300- to 600-mc 
collector consists of a pair of vertical monopolei 
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in front of & reflector and rotated over a ground 
screen. A block diagram of the system is shown 
in Fijture 17. 

The entire system is mounUJ in such a man 
ner thai the cylindrical-ah aped balance box 
serves as a shaft for rotation. The output is 
taken off via a fixed line about which the bal- 
ance box rotates so that no rubbing contacts are 
used. The monopoles are cross-connected at the 
balance box so that the antenna patterns are 
approximately as shown in Figure 18. 

Since a sharp null ia produced in the direc- 
tion of the received signal, the system is uni- 
directional and requires no sense, as in the 
Band 1 collector. A» the collector is rotated, the 
operator will first find the signal over a rather 

RtrEiviNü UNIT 

The receiving unit (Figure 19) consists of a 
140- to 600-mc tuned line receiver, a d-c ampli- 
fier, and switching circuits for operating Band 
1 and Band II collectors. Tuning the receiver is 
accomplished by varying th': length of a cir- 
cular transmission line by means of shorting 
bars. Receiver input is single-ended and is fixed 
at 90 ohms. The i-f channel is straightforward 
and han a bandwidth of 1.000 kc for passage of 
pulses. 

Motor switching circuits are interlocked so 
that only one system can be operated at a time. 
In operation only the r-f cable need be changed 
for a band change. 

broad lobe, pass through a sharp null, continue 
over another broad lobe of reception and then 
paas through approximately 180' of null. The 
collector is driven by a variable-speed motor 
which also driven a selsyn generator for syn- 
chronization with the indicator. 

INDECATOR UNIT 

The Type B indicator (Figure 20) with two 
selsyn motors for driving, and speed control for 
antenna systems are mounted on the power- 
supply chassis. The Typ^ B indicator consists 

:ONFM)KVnAl, 
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of z strip of alternate thin laminations of crop- 
per and polystyrene. The projecting ends of the 
laminations HI« ground to a flat surface and a 
uniform resistance strip is compressed on one 
side. This produces a commutAtor with a large 
number of equal resistance steps between bars. 
The strip is rotated by a pair of seisyn motors 
to produce the voltage needed to generate a 
circular trace in the cathode-rRy oscilloscope. 

If a current is sent through the atrip a sinu- 
soidal voltage will be generated across a pair of 
brushes mounted along a line perpendicular to 

Fiamu ZO.   ElcnwnM of Type B 

the rotational axis and equidistant from it. By 
mounting another pair of brushes at right 
anglea to the first pair, two sinusoidal voltages 
are obtained with 90° phase difference. These 
voltage» applied to the deflecting plates of the 
CRO tube produce a circular trace when the 
spot move« at constant velocity. 

By supplying the Type B strip current from 

the plate of a d-c amplifier following the re- 
ceiver detector, the receiver output can be »- ade 
to vary the shape of the circle for an indication. 

When the receiver output is zero at the null 
(0°) the plate current in the d-e amplifier will 
be maximum and the spot will be at the outside 
of the circle. As the goniomete^ scans from 0° 
to 90^, the receiver output will increase to 
maximum, biasing the d-c amplifier until cutoff 
is reached, and no voltage will appear across 
the strip. Thus the spot will approach the 
center, rapidly at first because of the sharpness 
of null and then more gradually. 

For sens« operation the same principle? 
apply except that the cardioid pattern resultant 
produces a pattern with one broad null. 

To place the cardioid pointing in the same 
direction ga the d-f pattern, it is necessary to 
turn the pattern by 90° on the cathode-ray tube. 
Thin is done bj means of a four-pole double- 
throw relay which switches each brush to the 
adjacent cathode-ray tube deflection plate. Posi- 
tioning of the circle is effected by magnetic de- 
flection coils placed about the neck of the 
cathode-ray tube and operated from the low- 
voltage supply. 

Circle Jiameter is vaned by cathode biaa con- 
trol of the d-c amplifier. Speed control is incor- 
porated into the wave collector motor since it 
is necessary to bring the selnyn motors up to 
speed gradually. 
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LOCATING TANKS BY RADIO 

the pmllinn of  friendly Utiki 

tilling Sien»! Corpi Unk equip- 
1 b) an iiudio-]>h«»p-mi?aiiurimeiit irielliod. Invesli- 
nn of the charKfteriitio nf exiltinR Unk rquip- 
1 imlic»led th«t inhtrent |ih»« InMmbility wuulJ 
:P   impusiibLe   locBtion   uf   tanki   to  the   renuirwi 

<"> INTRCUHJCTION 

THE BASIC IDEA involved in these two proj- 
ects' was to place H constant audio tone on 

the carrier of a standard communication trans- 
mitter at a locator station. This aiRnal would 
be received by the tank and the tone would be 
retransmitted by the tank on another radio 
frequency. Assuminit constant time delay, or 
phase shift, through the transmission and re- 
ception networks, the measured phase shift 
in the audio tone as measured at the locator 
station would be a measure of the distance 
between the tank and the locator station. The 
location of the tank or group of tanks would 
Iw aecomplished by a triangulation process. 

One requirement eBtablished was that exist- 
in« equipment be employed in these projects. 
Therefore, although the method for locating 
tanks by radio was considered basically work- 
able, whether the scheme would be successful 
would depend entirely upon the following two 
major factors: 

1. The accuracy with which the phase mea- 
surement could be made. 

2. The stability of the phase shift through 
the tank equipment under normal operating 
conditions. 

Tests, therefore, were made by the two con- 
tractors on the phase stability of two existing 
pieces of radio equipment, the SCR-5011 in the 
2. to 4Yrmc region and the SCR-BOS in the 
20- to30-mc region. 

uu TKST RESULTS 

"" Tests on SCR-.r>06 

To measure the distance Off the tank within 
±50 yd at 5 miles requires an accuracy of 
0.B7 per cent. Using an audio frequency of 
2,000 cycles per secoiid would moH in a phase 
shift of 3«.7Ü for a S-mile spacinc between 
tank and fixed station. To measure this phase 
shift to an accuracy of 0.57 per cent would 
require that measurement to 0.22° would be 
necessary. 

Measurement» on the SCR-S0« (Project C- 
61) were accurate to shout ±0,25 . !t was 
found that the slope of the tuning curve of 
this receiver was about ln per kc off tune. 
Using the beat-frequency method, this error 
might be held to 0.05". Even whan the local 
oscillator was adjusted by the lero benl method, 
a change of phase shift of 0.07" oo ^rred per 
degree centigrade rise in ambient temperature. 
The average slope of the curve of phase shift 
versus percentage modulation was »bout 0.12" 
for a 1 per cent change in modiiU'tion. With 
the automatic volume control disconnected 
(manual gain control condition) severe phase 
shifts with changes in signal level occurred. 
In the a-v-c condition, no measurable phase 
shift occurred with a signal iivcl change of 
10 to 1. A signal level of at least 1.000 ^v 
would be required for reliable reading?. In the 
operating region, the slope of the volume con- 
trol setting curve showed a phase shift nf ap- 
proximately 0.12= per degree rotation of the 
volume-control knob. 

In light of these measurementK, it was de- 
cided that the instability in phase shift through 
the receiver alone under normal service con- 
ditions would make the audio phase shift 
method of measuring distance impractical. 

Ta [1 s<:K-r>08 

Using the measurement of time as a concept 
of the measurement of distance, phase shift 
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would hflvt lo be nifasuied within time inter- 
vals of 0.:106 ^sec to flccompliah the accuracy 
of 0.57 per cent required. Direction would 
have lo be measured within 19,5 minutes. 

It was found that the inherent variations of 
[.haw «hift in the RCR-508 {Project C-BO). if 
uncontrolled and uncalibratt'd in the mobile 
tank at the time of measurement, would pro- 
hibit measurements within :'8 /I»M, For ex- 
ample, variationa in temperature between 
--20 C and I 50 C together with changes in 
humidity would produce oscillator drift as 
much as 50 kc. Thi» alone makes it impos- 
sible to meet an accuracy of -*- 5.4 ^aec or 0.5 
mile in 5 miles. Through inability of the re- 
ceiver's pushbutton tuner to be reset at the 
same oscillator frequency by merely selecting 
the same pushbutton would produce an error 
of H ^.7 fi^c. These figures do not include 
the inherent differences between tank equip- 
ments of the same model numbers. 

So far as the SOR-50H was concerned, 
was apparent that the a-f phase-shift 
ment method of measuring distance could 
be more accuruti; than about 25 per cent, o: 
within 2,200 yd of 5 miles instead of the 
quired 50 yd. 

r 1.000 yd in 5 miles 

MODIFICATION TO I ACCURACY 

Variations in the receiver's pushbutton tun- 
ers nave errors in excess of 101 at 10,000 
cycles. To offset these errors toirether with 
(he 50-kr osHMator drift woi-ld require a crys- 
tal-controlled oscillator in the receiver, 

Ily a technique which orlled for the trans- 
mission of two audio frequenne» somewhat 
greater accuracy could be attained since dis- 
Eance would now be determined hy the total 
measured phase difference between the two 
frequencies rather than the absolute value of 
phase at either frequency. Assuming that the 
phase-shifting networks were individually ad- 
justed for each mobile tank installation and 
that each receiver had the necessary crystal 
oscillator  modifications,   an   accuracy ot  ap- 

proximately 12 per c 
would be "w'Uc, 

Glimi v-...'>' nf all audio umplilication, using 
the i-f voltage to drive the transmitter, and 
by making other changes to the receiver (such 
as chanftmit the intermediate frequency) might 
result In a phaae-shift time in the mobile unit 
of approximately 4.0 pne. The amplitude sta- 
bility of the SCR-508 equipments will not per- 
mit the adjustment of two voltages required 
for measuring phase by the sum-ami-difference 
method to closer than 0,2 db with the result 
that an accuracy of measurement of 250 yd in 
5 miles is about the limit possible with the 
modified receiver suggested. 

Rfiliiirid Meanwemeni Accuracy. A 1" ac- 
curacy when measuring phase will permit ap- 
parent errors of !HI yd in 5 miles at a modula- 
tion frequency of 5 kc. If the modulation fre- 
quency is 15 kc this 1° accuracy of measuring 
phase shift will permit measurements to within 
30 yd at 5 miles. Therefore any phase shift 
method must have an accuracy of 1° or better, 
particuiarly if any latitude is to be left for 
variations at the mobile tank. Such methods 
are known but they are not of such nature that 
they could be used in the field easily. Labora- 
tory methods exist which will provide an ac- 
curacy of 0,2°. 

»•" Simplified Radar Method 

The final report on Project C-CO1 proposes 
a modified radar method in which the tank car- 
ries a repeater made up of a 90-db voltage am- 
plifier and a 50-watt 50-rac power amplifier. 
Th< fixed station transrvta pulses of 1 usec 
duration. With » recr:v,"- band width of ap- 
proximately ±3 mc an accuracy well within 
the prescribed 50 y' independent a' the dis- 
tance measured is estimated. The tank unit 
being a repeater requires no tuning or crystal 
and could be readily adapted to equipment al- 
ready in the field. Thus it would be much 
simpler than the proposed a-f phase-shift 
method. 
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L-H-F FRIENDLY AIRCRAFT LOCATOR 

them for tracing out the necL-snary iiaUerns ( 
the CRO screens for intiiealing the bearinjt. 
block diagram of the apparattia is ahown : 
Figure 1. 

"i IMHODUCTION 

AI THE TIME this project" was started radar 
.was in its infaney but it was realized that 

means for identifying friendly aircraft were 
needed. It wan believed that d-f methods giving 
the azimuth of the target would be useful, par- 
ticularly if two or more d-f stations could use 
triangulation techniques. 

Means were developed for taking bearings in 
a matter of about five seconds with an accuracy 
of approximately * 3 and for transmitting the 
l>earing data over conventional telephone facili- 
ties. The system was operable on c-w, i-c-w, and 
pulse signals. Bearings were taken at nearly 
maximum signal level rather than at a null, and 
could be taken on two or more signals at the 
same time provided the bearings were not too 
close together in azimuth. There was no am- 
biKuity regarding sense. The visual indicator 
ICRO) traced a polar diagram of the received 
signal, and an electrical marker system put 
markers on the CRO screen at 1° intervals. 

"* THE OVERALL SYSTEM 

Principal components of this direction finder 
consisted of a rotating directional and non- 
directional antenna as.iembly. a u-h-f receiver 
having two channels for amplifying the respec- 
tive antenna signals, line transmitter goniome- 
ter units to prepare the signals from the d-f 
channel of the receiver and signals from the 
goniometers which indicate antenna orienta- 
tion for transmission over a telephone line, and 
a line receiver indicator unit which obtained 
signals from the line transmitter (directly in 
the case of the monitor and over the telephone 

:e operation) and prepared 

>. HDCn-lU) Hiiwltine 

'" ANTENNAS 

The antennHs provided (1) a directional lobe 
of the received signal for bearing purposes and 
(2) a nondireclional signal for audible moni- 
toring and for a-v-c purposes. The dirtctionnl 
antenna consisted of a conical dipole \/i from 
(he origin of a parabolic reflector; as the an- 
tenna rotated, a varying signal was induced in 
the antenna producing a aingle-lobc pattern 
with the axis pointing toward the received sig- 
nal. The antenna rotated at 100 rpm producing 
rapidly recurrent patterns so that continuous 
indication of the received signal took place. 
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The nondircctional antenna con^iflted of a and furninhing output to a headset for aural 
Bingle-cone monupolc and an arlifltial ground monitomgand a voltairc for ainomatiealty crn- 
mounteH on top of the parabolk refieclor. trolling the volume of both channel».   A corn- 

Sheathed transmission lines matched to the mon heterodyne oscillator served hoth puiposes. 
characteristic impedances of the antennas con- Provisions were made for handling t-ither c-w 

nected the antennas to the inputs of the re- 
ceiver. Rotating transformers designed as 
band-pass filters coupled the traiiHtnlaHion line» 
from the rotating structure to the receiver. 

M* U-H-F RECEIVER 

The equipment was designed for two fre- 
quency ranges, 1U0 to 156 n.c and 156 to 250 
mc. The receivers were auperhelerodynes with 
two separate channels, one modifying the sig- 
nals from the directional antenmi and applying 
its output to the line transmitter, the other 
amplifying the nondireotional antenna signal 

or pulse signals; the i-f bandwidth could be set 
at 250 kc for c-w or at 3.5 mc for pulses by 
switching transformers in four of the six i-f 
stages. The circuits were designed to handle 
pulses having a repetition rate of from 625 to 
4,000 per second and having a pulse width of 
from 1 to IB fJec. 

This unit obtained electrical information as 
to the exact and instantaneous position of the 
antenna and prepared these sipnals and the 
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output signal of the d-f channel of the receiver A total of seven audio signala was used to 
for transmiaaion over the telephone line. Three tranamit thi:i Information to the line receiver, 
goniometer   asBemblies   wera   required,   each Frequemiea and amplitudes of these signal» 
geared through a differential to the routing were proportioned to produce the least amount 
antenna.  One goniometer rotated at the name of distortion  and crosstalk  in the telephone 
speed as the antenna, providing X and Y com- line».  A block diagram of the lin" transmitter 
ponents for tracing out the angular position of showing several frequencies employed to trans- 
the  antenna  on  the quad rant-indicating  CR mit information is given in Figure 2. 

Fiouaa a.   Block äitfti 

tube, another rotated at four times the antenna 
spued and produced the components fur tracing 
out the angular position of the antenna on the 
bearing-indicator CR tube, and the third goni- 
ometer rotated at 12 times the antenna speed 
for producing phase-modulated aignah for elec- 
trical markers on the bearing-indicator cathode- 

■Bd CRO Indicstor tube. 

'*■•     LINE RECEIVER AND CATHODE. 
RAY INDICATOR UNITS 

The line receiver (Figure 3) separated and 
prepared the signals received from the line- 
transmitting unit as to antenna location and 
d-f signal output for tracing the polar dia- 
grams on cathode-ray tube*, one for indicat- 
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ing the directional lobe of the repi-ivefi aignal 
for approximaUly locating the signa\ and an- 
other bearing-indicator cathode-ray tube hav- 
inp »n expanded scale such that one complete 
revolution on the »treeti was equivalent to W1 

of antenna rotation. On-thi» tube n portion of 
tlie directional lobe was also traced out. 

Because the lobe itself was not sharp enough 
to indicate the bearing Meeurately. circuits were 
provided for enitching u deflection field at a 
rapid rate BU that.two intersecting patterns 
appeared on the face of the tube. The point of 
hiteraection of these patterns enabled the op- 
erator to determine azimuth accurately. 

two signals of the same frequency. The sig- 
nals that were blocked out were shown elec- 
trically on the quadrant indicator tube by dot- 
ted traces. Only solid traces shown on the 
quadrant tube were reproduced on the bearing- 
indicator tube. A sample indicator pattern is 
given in Figure 5. 

Electrical markers at 1° intervals with dis- 
tinguiahing marks al 6" and 15° intervals were 
provided. Transient traces were blocked out 
so that clear patU'rns were ottainable. A cjuad- 
rant blockout control blocked out any two 
quadrants, a useful feature when examining 

Provisions were made for equaiiiing the tele- 
phone circuits. A pre-emphasis control was 
available for use where a Signal Corps line 
was connected between the d-f station end a 
telephone Sine, enabling the input to the Signal 
Corps line to be increased so that the signal 
arriving at the commerdiil facilities had the 
proper level. 

"■ Ai'PAKATLS I.IMIiATION-i 

Effective service was accompli.'ihed on sig- 
nals having strengths of SO «v per meter or 
less. More modern techniques would enable 
this figure to be increased by a factor of five 
or more. The automatic volume control in the 
d-f channel of the u-h-f receiver obtained its 
voltage from the monitor channel so that the 
gain of the d-f channel was controlled in pro- 
portion to the input level of the monitor channel. 
Inasmuch as the monitor signal was not exactly 
constant as a funtion of sn'enna rotation, it 
was necessary to have a reii.ionably long time 
constant (approximately 'A. second) in the a-v-c 
circuit for the d-f chunnoi so that minor fluc- 
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tuations resulting from antpnna rotation would d-f paltprn »hieh v 
not distort the d-f pattern and caua« bearinn ous bearing ?rrorB 
error. Hence the d-f channel automatic volume Such rapid variations caused the indicated bear- 
controi would, in general, respond tc only rela- ing U> vary about the true azimuth Avcragitig 
tively  slow  changes  in   signal   level.    Rapid Ihe bearings of several traces visually enabled 
changes caused a proportionatp distortion in thu the operator to obtain the correct bearing. 
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Chapter 15 

ELECTRICAL DIRECTION-FINDER EVALUATOR 

Dfvelopmenl uf «n d«! omM-hanicul -tevice which, 
from Ihe bearingt to a radio tninmilUr meMUi-«i by 
■ny number of fixed radio direction finden, determinu 
the most probibi« ioc«tion o( the tranimittec «nd th« 
boundiry of the iin«l1e»l rejion in which, to «ny pre- 
■mtitned probability, the tr.nimitter »o be premmed 

ut lormted, 

INTKÜ1HJCTION 

»T THE TIME of this prujecf there were, in 
A. uae or available, a great number of radio 
direction finders eapi,ble of providing informa- 
tion which, if properly analyzed statistically on 
.limultaneous bi iringa, could determine the 
location of a radio transmitter with much 
greater precision than had been obtained by 
methods of evaluation then existing. 

This report describes a device which, with- 
out mathematical approximations and almoat 
instantaneously, can apply the method of least 
squares to the bearinga of any number of direc- 
tion ftndrra operating in a network. In con- 
junction with d-f networks organiaed to make 
optimum use of its properties, this electrical 
d-t evaluator was expected to place direction 
finding in an entirely new category of precision 
and dependability. 

'»■• STATEMENT OK PROBLEM 

A radio direction finder provides means for 
measuring the bearing to the source of a radio 
signal, and therefore two direction finders can 
provide sufficient information to determine the 
position of a radio transmitter, provided that 
the position of the transmitter is not on the line 
joining the two direction Anders, 

The bearings from the two direction finders 
will determine a fix (point where the bearing 
lines cross) with an accuracy dependent upon 
the precision of the two direction finders. In 
common with all physical mea.iurements, the 
bearinga as obtained from a direction finder 

t   13-1 ,   rnnlWt   Hf   OEM»r-U72,  1. 

deviate about the true value. And as with all 
physical measiirements, if a number of values 
will be obtained and properly averaged, a 
resultant value will be obtained more drpeoda- 
ble than any of the individual value«. 

The use of a number of direction finders 
Instead of only two will provide information 
which. If properly averaged, will determine the 
location of a transmitter with greater precision 
than would the bearings from any two of them. 
In fact, the bearings from a large enough 
number of instruments can provide informa- 
tion for a fix of any desired accuracy. But the 
difficulty if in properly averaging the bearings. 
Unlike the measurements, for example, of the 
temperature at some location by a number of 
thermometers whose readings can be averaged 
by determining a simple mean valni'. the cor- 
rect Dearing of a tranamitter from each direc- 
tion finder of a network is in genera! a different 
value, and thus the mean value of the several 
bearings from direction finders located at dif- 
ferent positions has no significance. If n meth- 
od for correctly averaging their readinga is 
used, the accuracy of a d-f fix is theoretically 
limited only by the number of direction finders. 
In Appendix A of the final report' the theory 
is fully expounded. 

IM VISUAL l>.F EVALUATION 

The method usually employed in averaging 
the information obtained from a number of 
direction finders is to plot the bearings on a 
map of the region Involved, and then, by visual 
observation, to estimate on the map the moat 
probable location of the transmitter. This proc- 
ess make« use of various rules-of-thumb, geo- 
metrical constructions, and common-sense ap- 
proximations in an attempt to obtain the coor- 
dinates of the most probable location of the 
transmitter. The more direction finders there 
are in a network, the less likely Is the result of 
visual evaluation to approach the correct solu- 
tion of the proper averaging process. The other 
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deflired value: the Umndury of the "search 
region," thai is, uf the smallesl region in which 
to aiij- preansiimeri probability the transmitter 
can be presumed tu be located, cannot even be 
estimated by the visual evaluation method com- 
monly employed. And yet this information may 
be very important in certain situations, such 
as, for instance, upon the reception of a distress 
signal, when the size and shape of the area 
most profitably to be searched by rescue craft 
should quickly lie determined. 

Another method to average the values from 
several direction finders has been attempted. 
This requires that a number of direction finders 
be located so close together ihn', in effect they 
may b? considered to have the same geographi- 
cal location yet they must be far enough apart 
to prevent electrical coupling and to allow the 
errors in each instrument to be entirely un- 
eorrelated. Thus if half of the direction finders 
are grouped at one location and half at another, 
the bearings within each group may be aver- 
aged by simply computing the mean value, and 
the resulting two bearings are used to obtain a 
fix on a map as if each were from a single 
direction finder, except that each mean bearing 
should be more precise than a bearing from a 
single direction finder. As experimentally 
tested, this group d-f system has been disap- 
pointing. Aside from the obvious limitation of 
having only two location«, it wa« found that 
when several direction finders were placed close 
enough to be treated as at one geographical 
point (not more than 2 miles apart) the 
deviations were not statistically random, and 
so in other words the errors were correlated, 
and the mean value of the bearingn taken by a 
group was not much more dependable than the 
bearing from one direction finder alone. 

'** ISt; OF THE SUMS OF THE 
SQUAKES OF THE IIEVIATIONS 

The requirements for properly averaging the 
bearings from a number of separated direction 
finders may be represented geometrically in 
Figure 1 where the dotted lines represent the 

reported bearings from three direction finders 
as plotted on a map of the region, and the solid 

i represent aasumtd bearings which meet 
i point r The angles b„ b„ and 'i3 

n point T. 

are the deviations between the reported bear- 
ings and the assumed bearings to the common 
point T. If the deviations of each direction 
finder are normally distributed (this Is de- 
scribed in Appendix A of the final report1), 
then the most probable location of the transmit- 
ter is thnt positio« of T for which the sum of 
the squares of thil deviations is a minimum. 

A method wh^h has been developed for 
evaluating d-f flxesStnalytkally on a map com- 
prises a series of computations of the sums of 
the squares of the deviation angles. In the 
neighborhood of the estimated location of the 
fix, a number of po'nL^ in regular pattern are 
marked. By means of a transparent protractor, 
the deviation angle of each point from the re- 
ported bearing line of each direction finder is 
measured. These angles are then squared and 
added together for each of the points. The re- 
sulting values of the sums of the squares com- 
puted for each point give an indication of 
»'here the minimum sum would be located if an 
infinite number of point« were used. 
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i.«       BASK; HRIMIU'I.KS OF THE 
ELECTRICAL ll-E EVALtATOR 

The electrical d-f evaluator does not use any 
miproximaliona nor are any compuutions re- 
quired during the actual evaluation process. 
Inatt-ad, it provides a mechanibm whereby the 
aonmon point T of Figure 1 can be moved to 
any ponition and aimulUineoualy a reading pro- 
portional to the aum of the Squares of the 
deviation angles ia indicated on an electric 
meter. Thus by varying the position of T until 
the sum at the aquarei. of the angles of devia- 

>J.H-.i)KH_tVALtJArOB  

is a conatam value (indicated by a constant 
meter reading) is a contour of constant proba- 
bility density for the location of the transmit- 
ter. For any number uf direction finders and 
any desired probability a value of this sum may 
be determined. Actually, the value of the aum 
has been computed for various probabilities 
and is provided with the evaluator in the form 
of a table. 

In the development of the evaluator. testa 
were run on various d-f networks which verified 
the requiremeiH that deviations of direction 
finders are approximately normally distributed. 

Fiouws 2-   Electrical 

and thua the method of least anuares is proper 
for these determination«. 

The above deaeription assumes that the bear- 
inB» as reported from each direction finder are 

..„„ be    equally dependable   In case it is known that 
Sermlnedfrem the sums of the squares of the    the   several   durect.on   finders   ^ve   "neq"«! 

long which this aum    precisions, the deviation angles (l>„ b... and I», 

tion is a minimum ihe moat probable location 
of the transmitter can be detennined. The con- 
tour which bounds the smallest region in which 
to any preaMsigned probability the transmitter 
can be presumed tu be located may ui: 

dt'v jut ion». 
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ot FiKure 1) «M weighted by dividing each by 
the sUudard devintion of the resptttive instru- 
ment. In the evaluator the weighting u per- 
formed in a circuit in which the squares of the 
deviation angles are measured, and therefore. 
the weighting control is a measure of the 
VOHMM, which is the square of the stanriard 

deviation. 

i"      BASK; MKCHAMSMS OF THE 
KLFCTRICA!. li-r KVAUJATOR 

The electrical d-f evaluator.  illus rated  in 
Fiiture 2. is approximately the size and shape 
of the visual evaluating tables now in use by 
the Army Airways Communication System and 
the U.S. Coast Giard,   It performs the opera- 
tions of determining the minimum value of the 
sum of the squares of the weight, d angles of 
deviation by means of a number at protractors 
located at points representing the positions of 
the direction finders on a gnomonic chart of the 
region involved.   Each  protractor electrically 
measures the square of the angle between the 
reported d-f bearings aud the «real-circle line 
to the common point T of Figure 1.   In the 
evaluator, this point can be manually moved to 
any position on the map. and is called the scan- 
ning point. Each protractor is a fwm of poten- 
tiometer carrying 60-cycle alternating current 
and is constructed  basically of a resistance 
atrip attached to the boaring disk which can be 
oriented to the azimuth reported by the direc- 
tion finder, and a wiper attached to a telescop- 
init pointer arw which leads to the scanning 
point. From each protractor a separate pointer 
arm leads to the same  scanning point. The 
resistance strip and  wiper of the protractor 
are SJ designed that a voltage is obtained pro- 
portional to the iquare of the angle measured 
by the relative position of the pointer arm from 
the reference line on the bearing disk.  Exter- 
nal to the protractor is a selector switch which 
permits the 6ö-cycle current to each protractor 
resistance strip to be so regulated that the volt- 
age from each can be weifrhted according to 
the variance of the direction finder represent- 
ing the protractor. The vo'tage from each pro- 
tractor is applied to the primary of one of a 
bank of -'summation transformera."   The sec- 
ondaries of these summation transformers are 

 m 
s, and the series output is applied to the 

Krid >I vncuoHi-tuU amplifier wh™w ampli- 
fication is variable in five steps. The output of 
this amplifier actuates the "summation meter, 
and this is th<; meU-r whose reading >* pTopov- 
lional to the sum of the squares of the weighted 

deviation angles. 

IM PAWOGBAPHS 

Becauso each protractor is a fairly large 
component (about 4 in. in diameter) and *- 

alls<- direction finders are occasionally located 
rather do« together, it would not be practical 
to place »II the protractors side by side on a 
chart. In the electrical d-t evaluator tins diffi- 
culty is resolved by providing « number of 
decks, permitting the ditfer^t protractors to be 
located at different levels, but each is directly 
l>elow the point on the gnomonic chart repre- 
senting the position of its corresponding direc- 
tion finder. The scanning point appears as the 
reference loint with a marking pencil at the 
end of a movable arm just above the map on top 
of the evaluator structure, but at each deck of 
the evaluator there is a duplicate scanmnn 
point attached by a horinontal pantograph and 
vertical shaft assembly to the »canning point 
so that it always remains directly below it. It 
is to the duplicate scanning points that the 
pointer arms from the various protractors are 

pivoted, 

i" CNOMOMi; CHART DISTORTION 
CORRErTION 

The chart or map used with the evaluator 
must be a gnomonic' projection because only 
with such a projection are all great circles 
represented by straight lines. This projection, 
however, has one property which presents dif- 
ficulties in measuring the angles of deviation 
at various parts of the map. This property is 
called nonconformality and because of it angles 
on the surface of the earth are not preserved 
in the flat projection. 

To overcome this difficulty, a corrector as- 
sembly ^ employed in each protractor by which 
the angle between the wiper and the resistance 
strip is altered by a cam to compensate exactly 
the gnomonic distortion. 
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UM D-F BEARING I>TUT 

At the rixht end of the eviUuatur is a aerie» 
of buxea called beariny-input lioxes, one for each 
direction Ander of the network, Eauh contains 
nn internally illuminated translucent drum 
wiih an engraved scale reading 0-36Ü" which 
can be rotated by means of a 36/1 ratio bear- 
ing knuli to the bearing reported by the corre- 
nponding d-f station. A flexible shaft runs from 
the bearing knob of the beurinit-lnput box to 
the bearing disk of it« associated protractor 
through a 36/1 latio worm so that drum and 
protractor rotate together. 

Each bearing-input box also hss a 10-polnt 
switch by which the current to the resistance 
atrip in the protractor can be varied tu provide 
proper weighting for deviation angles accord- 
ing to the known dependability of the particu- 
lar direction Ander. The weighting is derun- 
dent upon the Htatistical history of each direc- 
tion finder. 

Means are provided for visual evaluation in 
caae a breakdown occurs of the electromechani- 
cal system. 

When all the reported bearings have been 
entered into the bearing-input boxes and the 
variance switches are at their proper positions, 
tht. operator moves a vertical pencil on the end 
of a pantograph arm above the map. With one 
hand controlling the sensitivity of the summa- 
tion amplifler, the pencil Is moved until a 
minimum is noted on a summation meter. A 
mark is made on the map at this point. Then 
the pencil is moved perpendicularly to the first 
straight line and a new motion described 
parallel to the first line and a mark made when 
a new minimum Is found. Now on a line join- 
ing these two points a third minimum will be 
found. It will be very close to the most probable 
location of the transmitter. The pencil may bo 
caused to describe short motions about this 
point to find an absolute minimum and this 
wilt locate the most probable location of the 
transmitter. 

Means are provided for rejecting "wild" 
bearings.   In the contractor's final report1 are 

given a procedure for describing the boundary 
of sesrch regions of any given probability, and 
statistical data resulting from field teats on 
east and west coasts; also the report gives 
consideration to further developments of the 
el ectrical-e valuator circuits, directions for 
making the cams, the use of servo mechanisms 
to eliminate the manual manlpiilation of the 
protractors, and to means of making the cost 
putatioiia required automatic. 
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A STUDY OF SFERiCS 

The work on thin project' wa» divided into two p»rti. 
Th' flrrt wa« it survey of Mi»ting literature on the 
lUbject of itmoipherio »nil their rd»tion to weather 
information, the necond cnnaUted in the operation <i! 
two radio ataliona in (Jew Heiko in cooperatior with 
the Sigmtl Corpi lo eathet visual, electrical, meteoro- 
loKieul. and photojiraphic data on local thuml- rii^nii-. 
While the (onlractor »ubmitted completion reporU'1 

covertnit both phaaei of the project, the summary fnl- 
lowinit ia condenard unlv from the one' coviTinj thr 
rxperitnenUl operaticna. 

'»■' ^TRODUCriON 

THE PVRPOSE of this project was to gather 
a» much data an i>oaaible un thundcrstctrms 

and the type« of aferics (atmoRpherica) they 
produced with the object of anawerinit the fnl- 
luwing queations. 

1. Can thunderstorms be located accurately? 
2. Given a distribuiion of thunderstorma, 

can the weather situation be analvwd? 
3. Are there eharacteristies of sferic signaU 

which can be aaaociated with storms of definite 
type or energy which will supplement or clarify 
the information obtained from geographicai 
distribution of storms? 

4. Ia any given region do thunderstorms oc- 
cur with such frequency that the sferic direc- 
tion-finding technique can be profitable? 

The project consisted of two parta, a survey 
of the pertinent literature available and an ex- 
ploratory experimental program. Only the ex- 
perimental program is described herein. 

»> EQUIPMENT UTBJZBD 

Two observing stations were set up, one at 
the University of New Mexico in Albuquerque 
and one on top of the Sandia Mountains,  The 

f New Mexico. 

Blgnal Corps provided a mobile-unit-equipped 
sferic-waveform and d-f apparatus which was 
located at various distance» from 80 to 1,500 
km from the University station. The observa- 
tional data on lighminir Hashes were synehro- 
niied with the sferic records in the mobile unit 
by means of radio signals. The Signal Corps 
»lao provided waveform and d-f apparatus for 
use at the University and a B-17 plane with 
equipment similar to tnat in the mobile unit. 
The plane was nM continuously available 
during the time of the project. 

Each station WHS equipped with an electrical 
potential gradient change recorder consisting 
of an exposed insulated electrode c.mnected to 
a quartz airing electrometer and to ground 
through a high resistance.1 The time constant 
of the system was chosen so that gradient 
changes due lo lightning strokes occurring with- 
in a few hundredths or tenths of seconds 
produced large electrometer deflections hut 
glow gradient changes of seconds' duration 
produced no deflections. The gradient cbangeh 
(electrometer deflections) were recorded on a 
16-mm film moving at constant speed past a 
slit 0.003 in. wide. The instruments were suf- 
ficiently sensitive to record gradient changes 
due to lightning strokes within a radius of 25 
miles and fast enough to resolve gradient 
changes due to repeated elements of lightning 
fiaahes. 

Each station also was provided with a tape 
recorder on which the time, type, and azimuth 
of lightning flashes and the time of the thunder 
were recorded. Frequent lime signals and 
lightning stroke signals were keyed on the 
gradient change recorders and simultaneously 
transmitted by radio to the mobile unit to 
synchronise the several records. In addition, 
each station was equipped with an alidade to 
measure storm and lightning flash azimuth and 
eloud base and top elevation angles. 

Time lapse photographs of cloud devi-lopmem 
were taken from each station. 
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MOBILE UNIT 

The aferk' .1!" equipment in the mobile unit 
cwwiHted of AN fiRD-l apparatus' made up of 
two wjuari.' liMpn mounted at right angle« for 
detecting per pedicular components of the In- 
cominit NignBlB. Ti;e Npuvt« amplifiers were 
properly phase»! and the component signals im- 
pressed on the horizontal und vertical pistes 
of a cathode-ray tube. The a^s were tuned to a 
freijueney of approximately 10 kc. 

The sfcric waveform equipment consisted of 
a vertical 36-ft antenna, an aperiodic antenna 
circuit, an amplifier with nearly constant am- 
plification up to about 200 kc, a cathode-ray 
tube, and a triggering circuit. The latter fltarted 
the «weep after the «feric was received with a 
delay of about 5 (laec.   The amplified sferic 

nals was mounted between the scopes. The film 
moved continuously at a rate of approximativ 
2 in. per second. 

'•«       OBSERVF.n TAVEFOBMS AND 
.STORM DISTANCE 

The waveforms observed can be divided into 
three principal type». 

1. A aeries of prominent, easily distinguished 
features (e.g., maxima, sharp breaks), usually 
with amplitudes decreasing in a fairly regular 
fashion forming a repeated pattern. The usual 
sweep with MOO-^utec time baae showed from 
two to five such feature». The interval between 
the features characteristically increased from 
100 to 200 ^sec at the beginning of the trace to 
400 to 600 ,isee at the end of the trace. 

^dLM= a> 
o-^ 

H^> ED- 
FiGUMJ i.    Blncli iliagram of 

wa» impressed on the vertical plates so that the 
cathode-ray tube trace represented the field 
variations of the sferic signal with time. The 
time base or sweep used varied between 1,600 
and U.OOO ^ec. The sweep was calibrated hy 
impressing 10-kc or 20-kc sinusoidal signals of 
various amplitude» on the apparatus. A block 
diagram of the d-f and waveform e-juipment is 
given in Figure 1, 

Both the d-f and waveform scopes were 
photographed simultaneously by a ;!6-mm 
camera,   A aignai lamp for synchronizing sig- 

J-f and wnvefonn equipment. 

2, A series of prominent features with less 
reEular intervals and greater amplitude varia- 
tion than in the first type. The waveform fre- 
quently suggested an interference pattern 
formed by two or more superimposed pulses or 
nac illations. 

3. Very complicated waveform« with varying 
amplitude and with intervola between maxima 
from 10 to 100 ^sec. 

Waveforms of Type I were analyzed accord- 
ing to the suggestions of Laby' an^ Rehoiiland' 
on the assumption that the pulses or nac illations 

rONFIDENTIM. 



1    *V\I1*K- 199 

were due to multiple reflections between earth 
and ionephere. According to this hypothesis 
the time of transit of an electromannetic dia- 
turbance from a lightning stroke to the observ- 

ing station is 

I. -i (4(i'A'+ d')'* 

where e is the velocity ot propagation of the 
disturbance; 

/i is the height of the ionosphere; 
d is the great circle distance between 

source and observer; 
n is the number of reflections at the 

ionosphere experienced by the pulse. 

The  time between  the  arrival ot a pulse 
which has been reflected at the ionosphere n 
times and one which has been reflected n - 1 

i,. .i.W' + .i'!,'-[-ll"    iW-M']"}- 
In the analysis of the sferic waveforms, the 

procedure was to chttwe distinguishable^ re- 
peated parts of the pattern (maxima, minima, 
sharp breaks, etc.), measure the time intervals 
between them, and calculate h and d by the 
above formula. 

for by multiple reflections from an ionosphere 
DO Km in height suggesting a Ktorm to the east 
where the path of the sferics would be m the 
dark. The largest concentration of directidns 
lay between 80J and 90° aiimuth with a maxi- 
mum at SS1. The calculated distance of the 
sources wa« 1.375 t 100 km. The storms pro- 
ducing the sferics were thus located within 
120 km of the center of Arkansas, Weather 
data of the date showed that a number of 
Ihunderr'.orms occurred along a cold front ex- 
tending from Arkansas to Pennaylvania, At the 
time the records were made a storm was in 
progress at Little Rock. Arkanaaa. Thus the 
location of the storm at this site without previ- 
ous knowledge of its existence on the part of 
those analyzing the records offers convincing 
evidence of the validity of the multiple reflec- 
tion hypothesis. 

LIGHTNING FLASHES AND STORM CHARACTER 

A study of the visual and electrical potential 
gradient change records of lightning strokes 
in storms near Albuquerque during August and 
September. 1911). yielded some interesting pre- 
liminary results. In this group of storms, the 
frontal storms were more intense, they had a 

TABLE 1. R«iu1t* „f ».v.form . n.ly.i.. 
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".• RESULTS OF A,\ALVSES 

The results obtained by this means of analyz- 
ing the waveforms are given in Table 1. 

The record of the storm of November 2. 1946 
disclosed many simple patterns which, upon 
analysis, indicated thnt they could be accounted 

greater stroke frequency, a relatively larger 
number of cioud-ground strokes, and a larger 
number of repeated elements per stroke than 
intra-air-raaas storms. If these observations 
are supported by further studies over entire 
thunderstorm seasons and in different climatic 
legions, there is a possibility of determining 
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'*■ GENXBAl r,ü>(.i.i;sinNS 

1. Stark Hi/nalH from lightning flanheii ex- 
periunt« multiple reflection betweor* the inno- 
H|jhere and earth. The repeated pattern wave- 
form produced tiy sferic pulses which travel 
piilh« of different leiiKth due to different num- 
berw of ionoaphet-ic reflectionfl may he used to 
calculate the height uf the ionosphere and the 
dintance of the flatih from the jbHerving- ntation, 

2. The use rt waveform equipment to deter- 
mine liirlitniiig flash dtxtance in conjunction 

with eguipment to measure direction and aenae 
of the aferic signal make» poaaible location of 
thunderatormN from a aingle station. A 
thorough teilt of thin technique should be made. 

3. PrelimlnaiT resulta on a small group of 
thunderstorms in one climatic region indicate 
that frontal and nontronlal storm« differ in 
tightniiiK flash frequency, relative number of 
cloud-ground and cloud-clnud flashes, number 
of repeated elements In cloud-ground Hashes, 
and the duration of cloud-ground Hashes. 

4. The irreat advantftge of determining storm 
type or intensity from sferics records indicates 
that the preliminary results should be checked 
and extended by observations on stnrms in 
several climatic regions. 

<:oM'im;vii u. 
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ANTENNA PATTERNS FOR AIIlUiAFT 

Studie* and ixpcrimenUI mvTiUgnlkmB In connertinn 
with antcniiB p(tterni fnr litcrift Bnd tanks ai a (unc- 
liun uf location of the unti'tma, frrqofnciea empioyeii, 
etc1., alau devslopjnfnt of th« "mniel" lecliniqu* Tor 
iludyinic aircraft antvnna impedances and patternt. 
This cuntract was adtnimstered by Diviaion 13 untli 
April I, 10«, when it wai transferred to Diviniun IB. 

'" INTRODLCTION 

PROJECT C-ll- was iniliateU by NDBC at 
the request of Aircraft Radio l-aboratory, 

Wright Field, to achieve the following; princi- 
pal aims. 

1. To investigate methods for rneasuring 
antenne patterns on aircraft at various fre- 
quencies. 

2. To measure the patterns of various anten- 
nuH on various types of aircraft at various 
frequencies. 

3. To obtain general statements on the 
cifects ut aircraft structure, antenna location, 
frequency, and other factors jn the radiation 
patterns. 

4. To investigate the patterns of various 
spedal antennas and antenna arrays. 

5. To investigate methods for improving 
patterns of aircraft antennas for specitic ap- 
plications. 

G. To investigate the construction of models 
lo determine the accuracy of construction re- 
quired. 

I;I:MHS AcroMi'irsHKn 

Although measurements of aircraft patternB 
vising models had been made for several years 

prior to the start of this project, the n 
ments were limited to simple types of antennae 
and to an upper frequency of about 600 mc. 
Under the project, techniques and equipment 
wee developed to extend the model methods to 
a greater variety of structures and to cover 
greater frequency ranges. After the equipment 
and techniques had been developed to the point 
where routine measurements could be made, at 
frequendes as high as 10,000 tnc, patterns of 
various antenna« were investigated to deter- 
mine the general factors which influence the 
patterns. It vas found poasihle to predict the 
general featur.is of patterns of simple tyiws of 
aircraft antennas. 

Modeling Uchtiiques were applied to a 
variety of apecial problems and it is believed 
thnt these applications are new. Methods for 
measuring propeller modulation and for 
measuring eliipticity of polarization of aircraft 
antennas were developed. Modeling techniques 
were applied in the investigaliim of a tank an- 
tenna problem. The posaibllily of using models 
for measuring radar echoes from aircraft was 
considered and development of methods started. 
Methods using models for measuring the im- 
pedances of aircraft antennas weie investi- 
gated. 

The research program outlined above was 
requested by Wright Field in order to devdop 
the mod 1 technique for use as a tool in the de- 
sign of aircraft antennas to meet definite speci- 
ücations. Models were used in the investiga- 
tion in preference to full-scale aircraft since 
they furn'sh more information with less labor, 
time and cost. The fact that the actual airplane 
is not always availabk for antenna testa also 
was an important factor. 

The information and techniques developed 
on thi roject were used in the design and de- 
velopntLnt of aircraft antennas for a wide 
variety of applications. 
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AISTENNA PATTKH-NS FOB AIK( HAH 

IT.,       PATTKHNS W ANTMBSAS ON 
«iIRi:HAI-T AT VARIOUS 

PREQUENG1ES 

11 !■ not eaay to prudiet from theoretical eon- 
siri^rations alone the approximate patterns to 
l>e expeclwi from a proposed antenna installa- 
tion on an airplane. The relative impurtnnce 
of rrfleilion and diffraction effcota and the 
nature of the current distributions an the sur- 
faces of the aircraft are difficult to estimBte. 
if sufficient antenna patterns measured under 
11 wide range of condition« are available, it be- 
comes possible to make a better estimate )f an 
antenna pattern. To provide such patterns, a 
group of patterns has been obtained over a 
wide frequency range for simple antennas 
mounted on various types of aircraft. 

Only the patterns for the principal plants 
h»ve been meaaured.   It has been found that 

eluded with the cuntractor's final report dated 
August 24, 1948.' 

B-nF 

A 4-ft whip antenna on the lower frequen- 
cies and a A 4 stub at 16, 25. 35. 50, 75, 100, 
150, and 200 mc, the nntennas being located 
(1) directly ahead of the bomb bays, project- 
ing vertically downward, (2) directly behind 
the bomb bays, projecting vertically downward, 
(.11 4 ft ahead of the leading edge uf the hori- 
zontal stabilizer, projecting vertically down- 
ward from the belly of the ship, and (4) cen- 
tered on wings on top of fuselage, projecting 
vertically upward. 

A-2U-A 

A A/4 stub antenna on top of the fuselage, 
immediately above the trailing edge of the 
wing at 60. 100, and 2ÜÜ mc. 

principal piuiie patterns are almost as useful 
us complete three-dimensional patterns, and 
much easier to obtain. The orientations of the 
coordinate planes with respect to the aircraft 
are shown in Figure 1. 

The following is a list of the patterns in- 

A   4-ft   whip antenna   projecting   forward 
from the nose at 50, 100. 150, and 300 mc. 

A 4-fl whip antenna just behind the pilot's 
tockpit at 50, 100, and 200 mc. 

Two types of antennas, a A/4 stub and a A/2 

coaxial-type dipole at 100 and 200 mc. The an- 
tennas were mounted in two locations, on top 
of the fii&elage, first just above ihe leading 
edge of thk' wing, and then above the trailing 

edge. 

ir.t     TYPICAL ANTENNA PATTERNS 

In making the measurements only half of the 
pattern was measured in those cases where 
symmetry could be assumed. The symmetry 
was checked in several of the patterns and 
found to be adequate. 

In Figures 2 and 3 the row at patterns on the 
left is for the plane fl = 90". the center row 
for the plam defined by * 8° and ISO8, and 
the right-hand row for the plane « ■- 90" and 
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270J. lii Figures 1 and 5 the patterna for The principal plane pattornH in tMf hnri- 
angles lO" below the horizon (ft 100") have zontsl row in Finurua 2 and 3 are plotted on 
been plotted alxo. the basis of a constant power input and there- 
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fore may be directly compared,   [t is not per- tenn» whose pattern is to be eHtimatcd are com- 
miaaible t« make direct comparlsioiia of reia- pared to determine the amount of diffraction 
five signal strengths between patterns in dif- and reflection to be expected.   If the current 
fernnt rows. distribution on the antenna is expected to dif- 

The pal' ^rn of any simple antenna mounted fer considemMy from that obtaining on the 
on an airplane may bf eatimated with the aid stubs used in these measurementd, due allow- 
of these sample patterns. The sample patterns ance for its effects on the pattern must  be 
which approximate the conditions of the an- made.    It  will b« found,  however, that the 
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i inriinte horizontal 
•I rdtt ol wing of !!■ ..'>. Dolled li 

sample patterns will be appronimately correct    the current distribution on the apheroid than 
for linear antennas of lengthi from a «mall    by the current diatribulion on the antenna, 
fraction of a wavelenvth up to roughly %*. 

As an additional aid in estimatlnti antenna 
patterns, a number of patterns were measured 
on a A/4 stub mounted on a prolate spheroid, 
which approximates a fuaelajte. It Is apparent 
from the patterns in FigureK fi and 7 that their 
shapes are determined more by the nature of 

A fairly adequate description of the princi- 
pal methods employed in me*turing antenna 

CONFIDENTIAL 
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(WHenn with modyln i» K'nvn in the final re- 
port dated AuBUBt 31. 1942.'    A few minor 
thaniteM wert made aa a result of experience. 
The vibrator method described briefly below 
has certain advantageH over other methods 
eapeciauy  ;:■.  csrtJiin  applieations.   The  fact 

the other hand, the vibrator method ha» certain 
'Msadvantagea. 

1. The amount of modulation obtainable 
with a commercial vibrator is very low at fre- 
quencies about 2.000 mc due tc unavoidable 
stray  reactances and IOSBCH in  the vibrator. 

 ---VKr-- 

J-=t 
dp 

:M-tJ-J 

Kiocaü ö.    P»iwn«ol 
n indlcUr hDrixnnuJ poliriutinn, t 

that no connecting wire» to the model are re- 
quired is of particular advantage in some 
meuaurements. The phasing adjuatmenl offers 
poasibilities fur investigating the cllipticity of 
polarisatiun of radiation fro-n an antenna. On 

2. The need for phasing the system for each 
reading increases the time required to measure 
a pattern compared to other methods. It is 
possible, probably, to eliminate this phasing 
adjustment. 

CONFIMKTUi 
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3. The signal levels obtained arc low, and 
the system is rather sensitiv.' to ehanges in 
components. 

"Y7 
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current which Hows in thi modd atitcnnB is 
modulated by connecting a periodically vury- 
ing impedance (tuned vibrator) to the termi- 
nals of the antenna. As a eon sequence of the 
variations in antenna current, a modulated 
wave is re-radiated. Some of the re-radialed 
energy re-enters the transmitting antenna 
system where il is picked up by H receiver sen- 
sitive to modulation only. Since there are two 
signals entering the receiver, the audio output 
of the receiver depends upon their relative 
phase. The phase may l»e varied by adjusting 
the separation between the model and the trans- 
mitting antenna. Variations in the adjustment 
for proper phasing (maximum audio output) 
yield information on phase variations in the 
field re-radiated from the model. 

The New Mrthod 

The method employed for the majority of the 
pattern measure me nttt uses n bolometer (Little- 
fuse) detector as a receiver in the model to de- 
tect modulated signals from a horn radiator. 
Small wires are used to connect the output of 

^ 

venks) patsriulinn 
f of prolst* tphtt 

l"1 The Vibrator Meth.Ml 

An unmodulated transmitter produces a rel- 
atively uniform field in the re;, 'on occupied by 
the model  exciting the  mode!   antenna.   The 

to the observing position. Pro- 
vided suitable precautions are tiike'i, the dis- 
tortion of the antenna pattern due to the 
presence of these wires in the field can be kept 
small.  For antennas of law efficiency, the out- 
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put of a bolometer is rather luv BO that a aili- 
con crystal detector is usually sutigtituted. 

The output of moat detectur» in etmentially 
proportional to the square of the input voltase. 
Since antenna pstterns are umially rteiSai •••< 
a voltage basis (to acL-ommodate th," lar«.. vari- 
ations In aignaln found in moat patterns) it is 
necesaary to take fhp IWIUR'«- fnot "f the volt- 
age output of the receiver. An amilider which 
does this automatically hes bts;; i;cr.jtructed. 
It la essentially a logarithmic 60-t:c amplifter 
whose componenta have been adju.ited to give 
the desired square root charactsrintic. 

The model supporting structure described on 
page 34 of the final report dated August 31, 
1942,' is now used exclusively. Selsyn indicators 
Kive a remote indication of the rotational posi- 
tion of thp horizontal member. The horn radia- 
tor la on rollers to allow complete freedom of 
rotation about it* longitudinal axis. 

Patterns of antennas requiring' a bnlancrd 
feed cannot be measured as simply as those 
using a coaxial-feed system. Particular care 
must be taken to assure a balance in the cur- 
rents on the feed line otherwise atrey currents 
appear on the outer shield, distorting the 
measured pattern. 

Since the measuring equipment was original- 
ly designed for use with coavial lines, the first 
method used on balanced antennas employed a 

most important being the necessity for chang- 
ing the length of the skirt with each frequency 
change. Also, the length of the skirt is quite 
critical if the antenna impedance is high. It is 
often difBcull to find apace in a model for the 
matching section. 

A modification of this method is shown in 
Figure 9. A sliding polystyrene plug inserted in 

\/i skirt or balancing section on the end of a 
conxial line to obtain the phase reversal re- 
quired for a balanced antenna. (See Figure S.} 
Th'n method  haa several  disaavantages, the 

riotPitp; 9.    Tunsblt coaital "WTt b»(»i 

the skirt unit allows some adjustment of the 
tuning of the skirt. The tuning range is rather 
restricted, however, and there is no good cri- 
terion for proper tuning. 

The next method tried used a balanced sys- 
tem throughout. Shielded-pair transmission 
lines and balanced detectors were constructed, 
as shown in  Figure  10.   Two coaxial tuners 

were used at the detector to allow sdjustmem 
of balance since the detectors were not quite 
symmetrical mechanically. This method was 
found to be satisfactory for a wider range of 
antenna impedances than the previous methods. 
There was still a lack of a criterion fur proper 
tuning, however. 

A system which achieved greater mechanical 
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and electrical symmetry is ^hown in Figure 11. 
A twin-line tuner and dual detectors were ue«d. 
The two bolometerit were connected in aeries 
for the audio output. This equipment was rel- 
ntively satisfactory. 

A ayBtem which uses a resonator to couple 
an unbalanced detector to a balanced transmia- 
sion line is shuwn in Figure 12. Thia avoids 
the diffkultiea encountered in constructing bal- 
»ncud detectors. 

liropa/ation of the signal, it in possible to ob- 
serve the variation in signal whon the propeller 
is oriented in various direction». From the 
maximum and minimum signalx observed it is 
possible to determine !he percentage of modula- 
tion due to the propeller. 

Radiation from even simple stub antennits 
mounted on aircraft is elllpiically polarised at 
the higher frequencies. U is to be expected. 
therefore, that meaaurements of the ellipticity 
of the radiation would yield information of 
value in interpretations of patterns. 

The major and minor axes a' the ellipse of 
pol a illations at any given point in a field can 
be readily measured by rotating i' linearly po- 
lavized antenna to determine the maximum and 
minimum signals. If the Held is linenrly pola- 
rized the minimum sitmal will be zero. If the 
Held is circularly polarized there will be neither 
a maximum nor a minimum. To determine the 
direction of rotation of the electric vector 
around the ellipse special measurements are re- 
quired. The phasing adjustment used in the 
vibrator method for measuring antonna pat- 
terns makes its dc' :rmination possible. 

Measurements have been made of the ellip- 
ticity of the field radiated from a simple vertical 
stub antenna located to the rear of the corkpit 
of a TMO at 160 mc. The datu obtained are 
tabulated in Table I of Appendix I (report 
dated August 31. IDlJi.1 Table II' was ob- 
tained from measurements of the lield radiated 
from a A/4 stub anlenna located on the side of 
a prolate spheroid parallel t.j a minor axis of 
the spheroid. There is a eonaidcrablp amoutit 
of elliptically polarized radiation in directions 
not in the planes of symmetry. The direction 
of rotation of the polariiation was not measured 
in the pattern for the P-40. 

i" PKOPKUXR MODULATIO:1, 

Preliminary testa  were made to determine An accurate sin.jLliim of a dielectric 
the feasibility of uaing models to study pro- model is obtained by using a maUirial ' 
peller modulation.   For a given direction of dielectric constant is the same and whow 
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ductivitv haa be-n increfl^d by the factor by    type aircr.ft. Is in some case« importwit Also 

™ i»mtT,.tio» w.. .onduetrf to d.ttrmin.    .» »m. .«.nn»., «ct •> loop, .nd h„h.fre- 

mclhod. tor conslrucll™ approximMi. miulol.    .loency  ra.lar anti-oiia.   « 
?„ „lUrn  m....».«-,,!,.   The mo.küng ot    p.ttorn of the antenna 
SJ5SÄ1 .• S n,,.d (ot con.ttu.tin, «W-        The pt«l.. ..Icnl.tlon 
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curved dielectric «urface, auch aa a plywood 
fuMelaue, on the propagation of waves radiated 
from an antenna is difficult and involves tcin 
much labor to be practical. Much useful infor- 
mation is obtainable, however, from the simpler 
calculation involving plane waves and plane 
surfaces. 

TANK ANTKNNA PATTKRNS 

The following investigdlii i was undertaken 

„ determine a method for measuring the 
patterns of certain high-fretiuency antennas 
mounted on a medium tank. It was considered 
necessary to include the effect on the patterns 

The reflection coefficie 
plywood was calculated for a number of angles 
of incidence and for both vertical and hori- 
zontal polariiation. The values for dielectric 
constant. and the conductivity n were obtained 
by averaging published values from a number 
of sources. At the time of the calculations the 

n nf Roberts and Von Hippel1 wa- not avail- 

for a 2-cm layer of    of the finitely conduclin« ground I the leigh- 

borhood of the tank. 

iwi THK MODEL TKCIIM^UK 

The characteristics if the ground on 
tank is located may induence the patter 
antenna on tile tank in two way».   The most 

in Figure 13   An ™m'nfZTZ™™ *£*> in the pat,etn due ^ refltctiünH from 
shows  that  there  is  neghB.be reflection  tor ™; '" l^ ^ earth   Qf lesser important, 
wavelengths longer than about 10 meters.   As the sl' Rt-.0'^f"""- "'       _r(lunj on the 

the wavelength is decreased below 10 meters *^±.^*1?^J^SAT 
the reflection increases to a maximum i 

n the antenna and u 

n the reflec- region around 15 cm. Beyond IB ■ 
tion coefficient exhibits alternate 
minima, the plywood acting as a pure dielec 
trie reflector. 

For antennas which operate at wavelenffth' 

current distribution o 
tank. 

An electromagnetic wave incident on a sur 
face of finite conductivity and dielectric con 
aunt is ordinarily reflected with a change n 

agnitude and phase and w^Wy a change ii 
ror aiiLenimo nuitu ujim.^ -^  ■■- ■—— ^„vn wui.ivr'H Ht anv ooillt in 

,o„g„ .„.. .. »,...,. th. pi^ ry u. «-  gSÄÄSÄ» 
peeled to have but small influence on the an-    space irom an a _ 
tenna pattern. Consequently it is not necessary w.ll be th. vector urn of a d r.ct wave plu 
to model the plywood at ail. It will be necessary wave reflected from theju^- ^Because 

to model any conducting materials in the field of 
the antenna, such as the motors and gas tanks. 

For the region from 15 cm to shorter wave- 
lengths, a reasonably accurate model may be 
obtained using plywood of proper thickness in 
the model, since the conductivity becomes un- 
important. 

the change in phase on reflection and because 
of the difference in path traversed, the phase 
difference between the direct and reflected 
waves at a point in space will depend on the 
relation of the point to the antenna. 

An accurate simulation of the constants of 
the ground could be obtained for model mea- 

a mode! ground constructed Fo the region between 15 cm and 10 meters, surements by «U« a ^f ^^™r™ 
the sUuation is not so favorable. Reflations of a material whose d.electric constant equali. 

from the surfaces of the aircraft may h 
considerable induence on an antenna pattern. 
The model should be constructed of ma'criala 
having the correct constants if accurate results 
are desired. An approximation to the pattern 
may be obtained by using a plywood model, and 
the results will usually be good enough to indi- 
cate the general performance of the antenna 
system. The errors in the pattern wilt depend 
on ho» much the waves reflected from the ply- 
wood surfaces contribute to the antenna pat- 

tern. 
aiNFiDKvriAi 

that of the earth and whose conductivity ii 
creased by the factor by which the dimension!) 
in the model are reduced. Suitable materials 
of these characteristics were not readily avail- 
able, although there was a iwssibility of ob- 
tainink them by loading rubber with a large 
amount -if carbon. Mechanical difficulties in 
the m'tJd etiuipment made it desirable to ob- 
tain the patterns by other means if possible. 

The antennas of principal interest operated 
at frequencies sufficiently high so that it could 
reasonably  be  assumed  that  the  presence  of 
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thü ground had only a negligible effect in de- 
termining the current distribution on the an- 
tenna and an Hn tank. If, therefore, the model 
tank in auaprnded in free sjiace, it caw be aa- 

NS POM *mCBAFT  

timate of the pattern including the effect of 
the ground can then be made. 

Free-space pattern meaäurement» were made 
on a st'iH-type antenna mounted on a medium 
tank in two positions (poaitiona marked A and 
C in Figure 14). 1 l.atographa of thrce-dimen 
aional models of the patttrna appear in Fig- 
urea 15 and 16. The patterns in Figure 16 
Bhow the influence of the position of the turret 
on the pattern, since the turret is not located 
symmetrically on the tank. The frequency u«ed 
in these meaaurements was such as to make the 
height of the tank about 5A. 

sumed that the current distribution is un- 
changed. It thus becomes possible to measure 
the pattern of the current distribution in free 
apace.   From theoretical considerations, an es- 

Thc free-space patterns tan be modified to 
obtain an approximation to the true pattern 
ineluiling the effect of ground reflections. An 
examination of the pattern ie Figure 15 shows 
that there is very little energy radiated at 
angle« more than about 20" below the horizon, 
owing to the large surfaces of the tank body. 
Only those waves included in the region from 
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the horizon to 20 below the horizon can there- era« majnituds of Ihe signfil in the region 0 
fore be expected to influence the pattern after to 2<P in the measured free-npaee pattern uy 
reflection from the ground.   Since the unfrle    the pattern for the c jrmponding ivgion for 

of reflection is equal to the angle of incidence,     the dipole. an approximation to the true i«l- 
only the pattern in the region up to 20° above    tern is obtained. The calculated |iattem for an 
the horizon will be diatortcd by the f round re-    infiniteaimal dipole located 5A above an average 

earth ia shown  n Figure 17.  Figure 18 ahowa 
,, *. n pattern wnich haa been modified in thia way. 

PATTERNS von A cunvEn 
ANTENNA ON A ME1HLM TANK 

i Fifturea 

flectiona.   For anglea  grreater than  thia, the 
meaaured pBtterna are probably about correct. 

For angleB up tu 20° above the horizon, the 

An examination of the pattern 
15 and 16 ahowa that there is a severe cone of 
silence along the axia of the antenna. As this 
eon- of silence might be deletirioua in the care 
ot tan Mo-plane communi cations, a curved an- 
tenna wad inveatigated to see if the cone of 
silence could be .'liminated. Muaaured free- 
spare patterns indicated that a more uniform 
distribution of signa. waa obtained with thin 
antenna. While there ia some energy in the 
horiionUlly polarized component, it waa not 
important enough to warrant measurement. 
The presence of the ground will have about the 
name effect on the pattern of this antenna aa 
on the pattern for the stub diacusaed above. 

vmkal nub anlenna on ^ e;ul(,t g^pp „f t^p antenna to produce the 
uniform diatributlon of signal ia not loo im- 

id pattern mu^t be modified to include    portant, provided only that an appreciable rom- 
the ground reflections.  By multiplying the av-    ponent of the Mis of the antenna is horizontal. 
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IMPEDAI\4:E HBASUBEMBNTS BY 
MEANS OF MOUEI-S 

tranamittifiK antenna. Varying the length "f 
the line to obtain a resonance curve auppUis 
data from which the unknown impedance can 

In deaiKmm, an antenna for a specific apirii- ** determined. An indication proportional to 
ca L th'r "re generally two electrical fectora the current in the •"»fi*^jj«" 5 
which have lo b« conaidered. the pattern and the tranam.SMon Ime .s obtained by means of 
The mpedance characterlatica. For many appli- a «mail coupling oop and J-"™'0" "/^ 
cationrit ia possible to dealgn the antenna to a detector. The plunger 18 driven by a microm- 
piV^dÄ pattern and to ac^pt what- eter drive A al!Icon detector and galvanometer 
ever Impedance characteristics result. Then- »re used for the detector, 
are many applicatior», particularly broad-band 
antennas, where it is not permissible to chooae 
the one characteristic Independently. To be 
able to correlate the pattern with the Impe- 
dance characteristics it wag felt desirable to 
attempt measurement of antenna Impedances 
by means of models. After a review of the 
principal methods described in the literature 
for measuring impedances at ultra-high fre- 
quencies, the standing - wave method and a 
modification of Chipman's method offered moat 
promise of being adaptable to the problem. 

Equipment was constructed for making 
standing-wave measurement« in thu frequency 
range 600 to 3.000 mc. The first crude equip- 
ment revealed the neceaalty for very precise 
mechanical construction. Deviation» of the 
center conductor from the axis of the outer 
conductor as «mall as 0.001 in. caused very 
noticeable distortions in the standing wave pat- 
tern. 

Most of the development of methods has 
centered on Chipman's method, for which ihe 
basic circuit Is ahown in Figur« 19. A «ketch 
of the equipment used is shown in Figure 20. 
The antenna whose impedance is to be mea- 
sured la connected to one end of a coaxial trans- 
mission line, and excited by a remotely located 

The calibration uf the equipment was car- 
ried out as follows. Owing to the dissymmetry 
introduced by the plunger, there is some un- 
certainty as to the location of the origin from 
which the length of the line is measur.'d. A 
calibration was obtained by short-circuiting the 
antenna end of the line with a disk, and deter- 
mining the resonance position for the fre- 
quency useJ by fewding energy Into the de- 
tector line. The resistance introduced by the 
detector-coupling  loop   (it was awumed that 
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Iht'ie is nu ryaetance introduced since the line 
is tuned) WHS obtained from the reaonance 
curve in the usual way with no antenna con- 
nected to lie line. Energy was fed into the 
open end OJ the line by means of a probe intro- 
duced near the open end. 

Measurements have been made of the impe- 
dance of a vertical rod antenna mounted on a 
large plane conductor at 730 mc. Measure- 
menu wore made of the impedance as a func- 
tion of thf length of the antenna. The pro- 
cedure wait simply to determine the position 
of the plunger for resonance and the breadth 
uf the resonance curve at the half-power points. 

The results of the 
in Kigures 21 and 22. A curve calculated from 

""    THK RECIPROCITV BETWEEN 
TRAIMSMITTIW; AND RECEIVINC; 

ANTENNAS 

Since some radio engineers have doubts con- 
cerning the validity of the reciprucity theorem 
for antenna patterns,' it seemed desirable to 
make a rough test of it. The hasiH for this 
doubt lies in the feeling that known difTerences 
in current distribution on an antenna when 
transmitting and when receivii« should lead 

the formnla given by King and Blake1 has also 
been plotted for comparison. The large devia- 
tion from the calculated values has been lound 
by other experimenters, and *o is not consid- 
ernd  serious. 

to differences in palLern, The opinion has been 
expressed that the nature of the impedance at 
the terminals of a receiving antenna might, af- 
fect the pattern. 

A rough teat of the rtciprocity theorem was 
made by measuring the patterns of a number 
of antennas when receiving and when trans- 
mitting. In no case was any attempt made to 
keep the impedances of the generator or the 
current indicator negligible, as required by the 
reciprocity theoicm as usually stated. The 
agreemenl between the receiving and  trans- 
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mitUnff patterns waa sntisfsctory in all casex. 
The antennM tented included */2 linear aym- 
rtiftrieiil an ten mis, and a flat antenna mounted 
on a liixk. 

The method which has been described for 
mcanurinK antenna impfdances based on Chip- 
man'« work, measures the impedance of the 
antenna when receiving. It is. therefore, im- 
portant to show that this impedance is the 

ne aa when tranamittinB- The proof is es- 
s^ntially that given by Franz.1 Consider any 
antenna v/ilh an impedance Z connected to Its 
terminals anJ under the influence of an arbi- 
trary incoming wave. The wave sets up a cur- 
rent 1, in the impedance Z. Suppose now that 
a generator is taaerted in series with Z to re- 
duce the current flowing in it to zero. The 
(.-enerator sets up a current /, which id equal 
and opposite to /,. By the superposition the- 
orem, /, is unaffected by the presence of /„ 

/( - _K,_ 
:+-Zd 

(2) 

where Z, is defined as the impedance of the 
antenna when transmittinft. It follows imme- 
diately that the receiving antenna acts lihe a 
generator of open-circuit voltage E, and in- 
ternal impedance &,, Hence the impedance of 
a receiving antenna Is identically the same an 
that when transmitting. It Is apnnrent that 
Thevenin's theorem applies to a receiving an- 
tenna. 

Note that the pquallty of the currents ex- 
pressed In the ~i"»H H« applies only to the 
currents In the Imp^di iw Z. It does not imply 
that the currents are «jual over the entire 
antenna, since In ü^IITB) they will not be equal 
except at the Isrinlmls. 
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Chapter IS 

AIRBORNE ANTENNA DESIGN AT U-H-F AND V-H-F 

Study of antcnnm deiign tmkine into »tomnt Him 
tional firoperties, ponter-hiindlinj' cap»itici, propagi 
tion at a-h-t and v-h-f frequmdea, hnrboiital an 
MFtinl polarimlion, bmad-banJ anlcnnua, aurfar« ar 
tennat, effect of the itructura on irmg, precipitatio 
static, 0«, Tho lummary which follon. ia comlenM 
frum Lt,e contratlor'i final report,1 the Fhief reductio 
coniiMmg in the climiuition o( a treat number nf fii-L 
pMttR« drawing, and bibIiIVniphk>] refen-ncca. 

'■' INT«OI)lii;TIci>' 

TUB OBJKCT ov this piMjocf wao to "Btudy 
optimum radiation pntUriu Pa use on or 

in aircraft in the v-h-f and u-h-f ranjwa from a 
eommunioation point of view, taking into ac- 
count the variety ut attitude» in which an air- 
plane may be when communication may be nec- 
eagary, to study deaigms of antennas required 
to realise euch optimum radiation patterns, and 
to include consideration of aerodynamic aspects 
to the end of attaining antennas presenting 
minimum drag." The work resulted in a report1 

containing as complete information as could be 
obtained within the specified time. 

In view of the extremely general nature of 
these spodflcations and the short time allowed, 
it was not considered feasible to undertake 
special experimental or theoretical work. 
Therefore, this summary and the final report' 
from which it in condensed are necessarily 
based upon work done for or by the various 
agencies of the Armed Services. The bulk of the 
work was performed by: 

1. The Antenna Section. Research Division, 
Aircraft Radio Laboratory. Wright Field, 
Dayton, Ohio. 

2. The Radio Teat Department. U. S. Naval 
Air Station, Fatuxent River, Maryland. 

3. The Robinson Laboratory. Ohio State 
University Reaeerch Foundation. 

4. The Radio Research Laboratory [RRL], 
Harvard University. 

5. The Radiation Laboratory rRL], Massa- 
chusetts Institute of Technology. 

e. The Bell Telephone LaKoratories (BTL], 
New York City and Deal, New Jersey. 

7. RCA Laboratories [RCAL], Rocky Point, 
Long Island. 

'"      GENERAL CONSIDERATIONS IN 
AirtBOHNE ANTENNA DESIGN 

Since it is a rare antenna installation in 
which the transmitter or receiver can be lo- 
cated directly at the antenna terminal», the 
problem ia usually complicated by the presence 
of a transmission line, In practice, with tnw- 
ioss transmission lines of essentially real char- 
acteristic impedance, the power transfer prob- 
lem is solved by so designing the transmitter 
and the antenna that their respeitive input 
impedances are resistive and equal in value to 
the characteristic impedance of the line. Under 
these conditions the line is said to be "'flat" or 
"matched," the energy delivered to the line 
passing down the line in the form of a travel- 
ing wave, which, on reaching the antenna, is 
entirely absorbed and radiated into space. 

When the antenna is not matched to the 
transmission line, the incident voltage wave ia 
reflected at the antenna terminals with a 
change in magnitude and a shift in phase de- 
termined by the input impedance of the an- 
tenna relative to the characteristic impedance 
of the line. The effect of such reflection is to 
set up a system of standing waves on the line, 
the characteristic« of which are described, for 
engineering purposes, in terms of two equiva- 
lent quantities: the magnitude of the reflection 
ciiellicient Al, and the standing wa\e /atl^ 
SWR. These are defined in terms of the termi- 
nating impedance and the voltage distribution 
on the line by the following expressions: 

^'l  -  | -/.! 
A+ 2,1' 

* the terminating (or antenm 

(I) 
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pedfince) tiid 2, i» the characteristic impedance 
of the line, 

und SWH - Bmu/&iu, ''2> 

where fc'„,., and t'.n.n are the relative mairni- 
tude« of the maximum and minimum vultaKes 
in the standing wave aystem. 

The two quantities |Ä| and SWR are related 
by the expressions; 

SWII 
SWIl  I 

ihl wi; ■ 

It is evident from the Keneral triinamisauin 
line equation (for lines of real Zu and ncKligible 
attenuation) 

, + jZ< tsn « 

that while the input impedance Z,, of « flat u 
matched line is Independent of fl, the electrka! 
length of the line, and always equal to the 
characteristic impedance of the line, the input 
Impedance of a mismatched, or resonant, line 
is quite definitely a function of line length. If, 
at a given frequency, an antenna is mismatched 
to an extent described by a given SWR, the 
inpui. impedance of the line Is determined by 
the line length through equation (4), the re- 
sistive and reactive components K and X nf 
the impedance sMsiiming any values satisfying 
the equation 

I«1 SWlf 4- 

greater the greater the SWR and the longer 
the line. 

i«ii      Efftrt of i'WR on Line VollaBe 

For a given power delivered to the antenna 
terminals, the maximum line voltage is greater 
the greater the SWR. The greater the voltage 
the grester the possibility of line failure duo 
to arc-over, particularly at connectors and other 
discontinuities in the line. Dielectric losses, 
other things being equal, are proportional to 
the square vt the line voltage; the presence of 
hiph SWR on a aolid-diek-ctric line is often in- 
dicated by local heating effects In the vicinity 
of voltage maxima, parlicularly near the trans- 
mitter end of the line. Furthermore if the line 
voltage is high and a voltage maximum hap- 
pens to fall at a line discontinuity the effect of 
that discontinuity will be greater the higher 
the SWR: many an otherwise satisfactory an- 
tenna system has been impaired by the unfor- 
tunate location of a c'ihle connector with re- 
apect to the standing wave system.   Figure 1 

which is that of a circle  (of constant SWR) 
in the complex impndancc (R-.Y) plane. 

The effect nf this dependence of input impe- 
dance upon line length is that while a given 
Iranamitter may be adjusted to work directly 
into a iiiven mismatched antenn;* over a range 
of frequencies, the same transmitter may re- 
fuse to work into a low-iows line terminated in 
the same antenna. It is necessary to minimise 
the SWR by makhing the antenna, if it is 
desired that a transmitter deliver energy to 
the line over an appreciable range in frequen- 
cies without special iidjustment, the range and 
rate  of variation of   input impedance being 

shows the effect of SWR on power transfer 
at the antenna terminals, foi Qie mythical ease 
uf a lossless line. 

Trausiiiisg 

Losses in the polythene-filled flexible coaxial 
cable ordinarily used in aircraft antenna instal- 
lations are of two general types; resistive or 
"skin-effect" losses in the cable conductors, and 
dielectric losses in the polythene. These losses 
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introduce attenuation according to Iho follow- 
ing wtpresBions; 

vbHSMc  b" the aittniiftlion  in db per cm due tu 
ouninctor IOHHO». 

aB is the ftilrmiatiim in db [(er n\i dm lo 
dicWlric IOBWK. 

pf in the »kinili'pth in cm. 
X i» llw wftvMfii«lh in air in cm. 
b k the ra'iiiiH uf ll«' dH'liflnr m em. 
d in the adilW "f thr im«-! ciinductor in cm. 
. i»  llic  diolfclric  cinwlsnt  uf  the  cahlc 

dHeclric.   
Ian S i« thr low factor of llu- cublr diclectno. 

The »um of these two attenuations is the totnl 
attenuation ("r) of the line. Since skin depth 
varies inversely aa v7. conductor losses in- 
crease a» v7; dielectric losses increase directly 
as the, frequency. Therefore conductor lot t» 
are more important fit low frequencies, dielec- 
tric losses becoming; more serious at high 
frequencies; thia effect is shown in the follow- 
ing table applyin« to RG-H/U coa*. » medium- 
povvr cable in common use in aircraft radio. 

The effect of line attenuation on overall effi- 
ciency may be made evident by the tact that aa 
little as 26 feet of RG-14/U cable has sufficient 
attenuation at 3.000 mc to reduce the maximum 
efficiency to leas than 50 per ceiit—even if the 
antenna and the tranamiller are perfectly 
matched. For this reason the use of appreciable 
lengths of solid dielectric cable is avoided at 
frequenciea in the upper u-h-f range, wave 
guides being used instead if efficiency is re- 

quired. 

'""TmnsRiiltiTiK AntennaCliaraiierwtir» 

Since the weight am! power capacity ot air 
boii»-- tfarsmittcra are severely limited, the 
necessity for a low SWR on the transmission 
line imposes rather rigid restrictions on the 
characteristics of ihe transmiUinii utilcnna. 
For the anlenna to be efficiently matched to the 
characteristic impi'dahce of the line over a wide 
frequency hand, iti impedance must be char- 
acterised by a resistance of the order of the line 
impediince. and by low and not too rapidly vary- 
ing reaclunce. These conditions are most easily 
met in practice by antenna» worked against 
the skin of the plane as ground, and operated in 
the vicinity of A/4 resonance.'1 Nonresonant 
antennas, much less than \./i in length, do not 
make efficient transmitting antennas. 

'"-•     Elecirically Slwrl TramtnitltiiiB 
Anl en lias 

Vertical stub antennas worked against 
«round and less than A/4 long have low radia- 
tion resistance and targe capacitative reactance, 
the latter rapidly varying with frequency. If it 
were desired lo use an antenna only 0.04 A lonit 
for transmitting purpose.^ the stub, for a 
length/diameter ratio of 50:1, would have a re- 
sistance of about 1 ohm and a reactance ot 
-1.000 ohms. While such an impedance could 
be matched to a 50-ohm line by means ot a Iwo- 
element transmission-line matching section at 
very high frequencies (where there Is no par- 
ticulor point in using such a small untenna), at 
lower frequencies it could be matched in a prac- 
tical way only by a matchimr section of lumped 
impedances. An L section would perform the 
double function of tuning out the 1.000 ohms 
capacitative reactance by means of a loading 
coil and of stepping up the 1-ohm resistance lo 
look like 50 ohms. While such a matching sec- 
tion matches the antenna to the line, at the spot, 
frequency in question, the frequency hand over 
which the SWS is lesa than some reaannablu 
maximum, say 2:1, is extremely »mall. Further- 

L Through nut thj« reimit i 
avclimKth; Ihu« a X. 4 ant« 
rii-t|uai't'T vv»\tl(.nKth Innif. 
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more, »inee the loading eoil must nece«iiarily 
have'reswtanee (n Q of 2f.iJ has U*n aesumed) 
only a fraction of th'j power enterintt the 
malchinK section wtt! actually reach the an- 
tenna. ]n thi:" er.iimi»le the tranamittinir ay«- 
torn haE a pov;-'.r effltlency that is at most 20 
per cent, am', even that small figure neüleeta 
transmlnsion line lossen and lottsew due to the 
ohmic resistance of the antenna and it» Rround 
system. 

IUB CliuratleriBlicsittGoodTranBmilling 
AntenriRB 

Efficient tnmamitting antennas are reaiiied 
ofi aircraft in the form of i>/4 anteMiaa worked 
against the metal skin of the ship, or antenna» 
of A/2 dipolc-type auspended in apace from the 
structural member.: of the plane. Even surface 
antennas, i.e„ antennas mounted inside the akin 
of the plane and radiatintt through the aper- 
tures of sUito. horns, and cavities, have critical 
dimensions of the order of A/2 or more. Such 
antennas have high input resiatance, of the 
order of the characteristic impedance of the 
teed line, and small reactance which is a rela- 
tively slowly varying function of frequency. 

'*"   Antenna Impeilancc Measuremenls 

Since the actual impedance characteristics of 
a practical v-h-f or u-h-f aircraft antenna 
rarely have more than a slight NMnUa&n to 
theoretical impedance data, it is almost always 
necessary to determine these characteristics by 
actual measurement, if optimum performance 
is desired. This is particularly true with air- 
craft antennas for the lower v-h-f range and 
for any antenna located on surfaces of curva- 
ture comparable to the operating wavelengtn 
or near reflecting and resonating structures. 
In auch canes the antenna impedance should be 

■measured under conditions aa nearly identic*! 
as possible with those under which the antenna 
it, to be u=ed in practice. The most satisfactory 
procedure, as far «s results are concerned, is to 
conduct these measurements ..n the tuil-scale 
ship—in flight, if nt-ctssai y—with the antenna 
complete in all detail of itt    .al mounting and 

feedinK Sj ..tern. Where this is impractical, a 
poor second-best procedure is to measure the 
antenna impedance by means of models, a l/n- 
scale model of the antenna being installed in 
proper location on a l/n-sca!e mode! of the 
plane and its impedance measured at n times 
the actual full-scale frequencies. This method is 
capable of good results only if great care is 
taken in sealing all details of the antenna and 
its mounting and feed system. 

At higher frequencies, or in general for any 
aircraft antenna mounted on or in an airplane 
surface which constitutes a good approxima- 
tion to a flat ground plane tor at least A in all 
directions, satisfactory results may be obtained 
by means of impedance measurements made 
with the antenna worked against a ground 
plane in an ordinary' laboratory setup. But in 
all caces an effort should be made to ensure that 
the antenna is studied under conditions which 
closely approximate actual flight conditions. 

'"■■      Antenna Impedance MatchinR 

While satisfactory antennas for some pur- 
poses can be realized without knowledge of (he 
antenna impedance, by trial-and-error adjust- 
ment of tuning stubs and simple matching sec- 
tions, modern methods of impeuance matching 
presume a knowledge of the impedance char- 
acteristics of the antenna. These methods go far 
bevond the simple A/4 transformers and shunt 
tuners described in text* and other published 
literature. 

""    The ReceiviDi? Antenna Problem 

The receiving antenna problem is different 
from that of the transmitting antenna problem 
in that the former is not so much concerned 
with power transfer but with the attainment of 
a high signal-to-noise ratio. This end can be 
approached in a twofold manner, by increasing 
the received signal strength and by reducing 

Noise may lie picked up by the antenna along 
with the signal or may be generated in the re- 
ceiver itself. In the upper h-f and lower v-h-f 
ranges antenna &eUa may be large compared to 
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that developed in the receiving circuit, but as 
the frequency increases «ntenna noise de- 
creaaea, until at frequencies greater than 70 or 
HO mc it is negligible compared to set noises. 
As far a» the receiver proper is cuncerned. the 
attainment of high signal-to-noise ratio at 
ilira-high frequencies is largely a matter of 

reducing tube and circuit noise in a closer and 
doaer approach to the limits set by thermal 
agitation. 

There are many other sources of noise in air- 
craft ra^io reception since not only the antenna 
but the shin of the ship itself are parU of the 
receiving system. If poor electrical contactB 
exist anywhere in thin system, the vibration 
associated with normal flight is likely to result 
in relative motion of the adjacent eonductora 
at such contacts, which motion will appear in 
the receiver as noise. Hence the necessity for 
"bonding." Shielding is useful In reducing 
static of local origin. Antenna design features 
tending to minimiie precipitation static are 
discussed elsewhere In this report. 

■■'lg   Receiving Antenna Efliciency »s a 
Funclinn of Frrjuency 

The useful power delivered to a receiver by i 
matched resonant antenna varies inversely a 

/', a fact which may ssverely limit the range of 
u-h-f communication. This relation is shown in 
Figure 2. While the received »ignal may be in- 
creaaed manyfold by means of arrays, horna, 
or reflectors, incruaxed gain implies increased 
diiectivity, and extreme dire:Uvity is not usu- 
ally a desirable feature in aircraft communica- 
tion antennas. Furthermore, since the gain of 
a directive system is roughly proportional to its 
aperture area in square wavelengths, it is evi- 
rl ;nt that, except at very high frequencies, a 
practical limit to the gain of an aircraft an- 
tenna is quickly reached. 

'"."   ImpedantpMrtteliinnofHecfUing 
Antennas 

The effect of antenna mismatch is much less 
serious In receiving than in transr.iitling sys- 
tems. Receivers may be designed to have input 
impedances equal to the characteristic impe- 
dance of the feed line over very wide frequency 
bands, and in such case», even though the an- 
tenna may be very badly mismatched, there will 
be no standing waves on the line. The effect of 
mismatch is to reduce the signal reaching the 
receiver terminal, the loss in received signal 
voltagi' being a slowly increasing function of 
the degree of mismatch until the mismatch be- 
comes quite large. Thus an antenna nystem 
which would be quite impossible for efficient 
transmission may well be very satisfactory for 
reception. For this reason the design standards 
for receiving antennas are usually much lower 
than those for transmitting, a simple stub or 
whip much shorter than a A/4 often making a 
satisfactory' antenna if the field strength is 
sufficiently high. 

iu.li       Effect of Line Lotue» on Line 
Input Impedance 

The effect of line attenuation is to reduce 
the magnitude of the variation in input impe- 
dance of a mismiitched line, with a resulting re- 
duction in the apparent reflection coefficient or 
SH'ß looking into the line from the receiver or 
transmitter terminals. Thus the longer the line, 
and the greater its attenuation per unit length. 
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thu flutter ita input charactemtic for a given 
(IfKreo of mismtiU'h at the antenna. The effect 
nf these losse» is to make the loading of a trans- 
mitter or the tuning of a receiver a less critical 
I'unttion uf froquency. 

IM.II   Rcccpiion «f Very Weak Signal» 

In the u-h-f mnge, where the received signal 
ia often not much greater than the receiver 
noiae level, it may sometimes be found that a 
mismatch at the receiver will result in increased 
sensitivity. In auch case* it IN denirable that the 

directions in space. Unlesa certain fairly rigid 
coniiitiotia are met, there is usually not much 
resemblance between the actual Held pattern of 
a given antenna on aircraft and that of the 
same antenna in free space or worked against 
a flat infinite ground plane. Except for special 
cases, ivhich ere most commonly met in prac- 
tice only at u-h-f frequencies, it is necessary to 
demonstrate, by actual measuremtml, that the 
field pattern of a given installation is satisfac- 
tory for the application at hand, 

A classic example of the absolute necessity 
for field pattern measurements is shown in 
Figure 3 where the diagrams represent thf< 

HORIZONTAL PLANE 

AHEAD 

VERTICAL FORE-AND-AFT PLANE 

UP 

DOWN 
ip« ot hcirlimiUJ stibillur, frd out o 

receiving antenna be matched to the line, for 
otherwise standing waves can exist on the line, 
with multiple reflections resulting in multiple 
signals if Mf.c los-wa are '"W. 

i«.«.it       RaJimion rharacUriHtici of 
Airborne Antennas 

In aircraft antenna design, particularly in 
the v-n-t range, it is necessary for the antenna 
to radiate or pick up energy in the desired 

measured horizontal plane and vertical fore- 
and-aft-plane patterns of a 100-mc V-antenna 
installed on a 4FU. The antenna consisted of 
two wires strung outward from opposite sides 
of the fuselage, aft near the tail, to the tips of 
the horizontal stabilizer. The antenna was used. 
with rather disaslrous results, at the atart of 
the war in connection with an application which 
requires a pattern having a maximum or lobe 
in a generally forward and downward direc- 
tion. This antenna actually had nulls in the im- 
portant directions. 
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tu     V-H-F AND U-H-F PROPAGATION 

Plane-to-plane and piano-tog round commu- 
nicntiim in the v-h-f and u-h-f bands is de- 
pendent almciHt entirely upon apace-wave 
prapagation. except for anomalies occurrinR 
undur certain atmospheric conditions in which 
a sky-wuve effect is introduced by "reflection" 
at the diBContlnuity between »lr masses of dif- 
ferent synoptic properties. 

■M.I xhe Siiacr Wave 

The spaue wave is not a sinttie wave but 
rather the resultant of a direct or line-of-sight 
wave and a wave reflected by the ground. The 
direct wave is not direct in a strict geometri- 
cal sense, owin« to refraction in the atmos- 
phere and to diffraction around the bultc? of 
the earth and around other obstacles. Under 
ordinary conditions the direct-wave field in- 
tensity is subject to little more than the in- 
verse distance law attenuation of free space. 

The pround-reflected wave is subject to all 
the laws of optical reflection and is ordinarily 
subject to greater attenuation than the direct 
wave, since the former must necessarily travel 
a longer path. For this reason, and because 
the magnitude of the reflection coefficient is 
less than unity except at gracing incidence, the 
amplitude of the ground-reflected wave at the 
receiver is less than that of the direct wave. 
Since the space wave is the reaultant nf two 
waves of different amplitudea and different 
phases, it is evident that it is a complicated 
function nf elevation, distance, frequency, and 
polarisation. 

Gr iiKl-ReflectioK Coeffieients 

The nature of the ground-reflected wave is 
determined by the ground-re fleet ion coefficient. 
which is different for vertical and horizontal 
polarizations. FOf horizontal polarization (the 
electric vector normal to the plane of inci- 
dence) the magnitude of the reflection eoeffl- 
cicnt drops steadily from unity to a smaller 
final value a» the angle of incidence varies 
from  grazing to  normal  incidence,  while the 

phase of the reflection coefllcienl remains at 
substantially ISO- for all angles fmm graiinK 
incidence to normal incidence. For vertical 
polariitation fthe electric vector in the plane 
of incidence) the magnitude of the reflection 
coelticienl Jrop» rapidly from unity at grazing 
incidence to a small value at a small angle to 
the horizon, rising gradually with increasing 
angle to approximately equal to the value for 
horizontal polarization at normal incidence. 
Meanwhile the phase shift for vertical polarimi- 
tion decreaaes rapidly from 180 at graziuc 
incidence to iW at the angle of minimum re- 
flection, finally hecoming 0 for angles Itetween 
the angle of minimum reflection and normal 
incidence. 

Therefore the received signal in aircraft 
communication will vary with distnncr, eleva- 
tion, and frequency, 

"■" Effcl of Di-tance 

At distances small compared to the antenna 
heights the resultant »pace-wave amjililude os- 
cillates about ita normal free-space value as 
transmission distance increases, since both the 
phase difference between the two cumponeiil 
waves due Lo their different path lengths and 
the phase difference due to the fart that the 
ground-reflection coefficient is a function of 
angle of incidence depend upon distance. With 
increasing distance these oMcillatiobs develop 
larger amplitudes, since the amplitudes of the 
two component waves approach equality as 
their path lengths become more nearly equal 
and since the magnitiid.- of th-? ground-reflec- 
tion coefficient approaches unity at grazing in- 
cidence. But while the amplitude of the oscilla- 
tions increase, their frequency decreases with 
distance, since the Increment in distance for a 
given phase difference becomes greater with 
increasing distance. 

At distances large compared with the ar- 
tenna heights, corresponding In ground reflec- 
tion at gra/.ing incidence, but still sbov« the 
line-of-sight horizon, the received signal Is no 
longer oscillatory, but obeys almost exactly the 
inverse-square law. 

At still larger distances the component wave« 
approach  phase  opposition  and  the  resultant 
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Held drops off more rapidly thnn the normal 
free-apace field a» the distance increases Ite- 
yond the optical horizon. The phenomena de- 
seribed above are very similar for both hori- 
zontal ana vfrtieal polarization, except in the 
near retfion in which the distance is of thr 
same order of majmitude as the elevation of 
the antenna»; in this region the oscillalnry re- 
sultant field is more complex for vertical polar- 
ization owing to the greater sensitivity of the 
vertical reflection coefficient to angle of inci- 
dence, when that angle is large. 

"'■* Effect of Elevalioii 

The effect of elevation is quite similar to 
that of distance in the near region in which 
Ihe height in not negligible compared lo the 
transmission distance; the same oHcillationa in 
received signal occur ia the field strength ver- 
sus height curve as in the field strength versus 
diatance curve, and for the same reasons. 

At greater diatances, beyond the oscillatory 
region, the field atrcnglh is almost proportional 
to the product of the antenna heights. Below 
the nnt'-nl horlion the field strength is very 
sensitive lo antenna height. For low heights 
field strength is at first independent of height, 
then increases with altitude at an accelerated 
rate until it ia directly proportional to height. 
At very great elevations (but still below the 
optical horizon) field strength increases more 
rapidly with height than as the product of the 
antenna heights. 

IS,J,I Effect of Freqiieney 

An far an the oscillatory region is concerned 
the effect of increasing frequency ia to increase 
the number of oscillations per unit distance 
and to extend the distance over which iwcilla- 
tior.s occur. This effect ia particularly pro- 
m-unced with horizontal pol»'-'«'1'""' over 

ground, the extent of the oscillatory region 
increasing from approximately 6 to approxi- 
mately 100 miles as the frequency is increased 
from 30 to 600 mc (for the case of communica- 
tion between a ground station and a pli 
40,000 ft altitude). 

H;N AT tj-H-r A;HP v-H-F  

At greater distances, but still above the hori- 
zon, an increase in frequency results in an 
increase in field strength for horizontal polar- 
ization; for vertical polarization there is no 
siKTiilieant change. Below the optical hori-.on 
(into which region the apace wave extends by 
virtue of refraction and diffraction! the field 
strength Is less the higher the fm;uency, par- 
ticularly for vertical polarization. 

For all of these reasons dependable v-h-f and 
u-h-f communication is restricted to stations 
above each other's optical horizon. Although 
this situation precludes the possibility of ex- 
tremely long-range communication, it is not 
nearly so severe a restriction as might be 
expected, since plane-to-plane and plane-to- 
ground communication tan extend over quite 
resiJectabte distances. 

Figures 4 and 5 summame the effects of 
frequency, polarization, distance, elevation, and 
nature of the ground upon high-frequency 
propagation. While these curves are based on 
calculations for ideal short doublet antennas 
and take no account of the field pattern of an 
actual aireraft antenna, they are valuable in 
that they give a qualitative picture of how the 
controlling factors affect aireraft communica- 

tions. 

"*        PolariMtinn ami Propagation 

Figures 4 and 5. and the preceding discus- 
at    sion indicate little difference between vertical 

and homontal polarization, as far m propa- 
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gation over land ia concern^. Tn the near 
resrioii vertical polari/ation is preferable, since 
the field strength is greater and the magnitude 
of the oflcillatioiia lessi pronounced. Vertical 
polariiatiun has better transmission over sea 
water and moist «oil at the lower frequencies. 

10 « rmifinl*-! powtr. o 
the other »I altitude» inrii™i«l. short rioub 
tentrns.   (l>«ta from Dell Telephone Labomt 

",7 AnomalnuK EfTecta at ll\f,\i 

TRO^SPMEBIO  REn^CTION 

Since the velocity of propagation of u-h-f 
radio waves in air depends upon the dirliitrir 
constant of the atmosphere, which in turn in 
a function of pressure, temperature, and hu- 
midity, it is natural that there be a correlation 
between anomnlou» propagation und the pas- 
sage of meteorological "fronts," and with the 
existence in the upper atmosphere of any ab- 
normal distribution of temperature and hu- 
midity. Under such conditions, as the radio ray 
passes into the region of different electrical 
properties it will be retracted, perhaps suffi- 
ciently to return to earth, giving rise to what 
are known as tropoi.pherlc reflections, although 
thty are not reflections in the strict optical 
sense, since the discontinuity is not sharply 
defined. 

T.iApriNG OR WAVEcriDE EFFECT 

Such reflections may  make eommunicatio 
possible over much greater distance» than 01 

ordinarily attained. Tf the discontinuity layer 
is sufficiently pronounced the radiation may 
be etfeclively trapped at the top of the in- 
version layer, the region between this layer 
and the surface of the earth acting somewhat 
like a waveguide having large attenuation. 
While this waveguide effe.-t may be helpful in 
making eKtremtly long dislanee communicn- 
tion possible, it may also be a liabilily ul 
smaller ranges, depending upon the heijfht of 
the inversion in the stratilted atmosphere, due 
to interference between the ordinary space 
wsve and this pseudo sky wave. 

FADINO AT U-H-F 

This Interference results in fading, which 
may vary with time as well as with altitude 
and distance, due to the rclalive motion of the 
two air masses resulting in shifting of the posi- 
tion of the discontinuity layer. 

Fading and trapping are generally more pro- 
nounced the higher the frequency, partly be- 
cause directive antennas are usually used for 
both transmission and receplion at the higher 
frequencies; and since the sharper the radio 
beam the greater the fraction of energy re- 
flected by the discontinuities, and the more 
apparent their effects,    * 

At present there w no conclusive evidence 
that either polarizat'on is less affected by at- 
mospheric dixturbamfiB. 

STATI«   AT V-H-F  AND U-H-F 

The higher frequencies are much leas af- 
fected by statin of natural origin than «re low. 
Due to the absence of a sky wave under normal 
conditions, u-h f communication is less suscep- 
tible to static from distant sources. Since the 
field strength of static is approximately pro- 
portional to wavelength, static of local origin 
is less effective the highe- the frequency. 

Man-Maile Inlerfrrenn 

Noise generated in rotating machinery and 
other sources of intcrferente seems to be pre- 
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dominately venieally polurin-tt; eoiiswiuetitlv 
such Interfuwm ia goaerally worse for verti- 
cnl «iitraft jinlennas than for horiKintitl. 

'•:"' Miilli|>ut)i InU-rferencP 

Since the wavelcnKth« torrespondinK to vcry- 
hiKh and iiltra-hijfh fn-quencifs an »mall com- 
pBrcd to the dimensionH of buildings, hills, etc, 
tliorp may be multiple Kround-reflected rays 
ri'Hulling in even more complex interference 
effetts in Kpace-wavi? communi cation than those 

discussed abo\o. 
Futthermore, the structural members of the 

»ireraft upon which the antenna i.- mounted 
are laqw enough relative to small wavelengiha 
to cast «hadowa and cause reflection and dif 
fraction effect! which may interfere greatly 
with transmission and reception in certain di- 
rections. These effMR are nenerally more pro- 
nounced the higher the frequency. 

"*■'" I'ropeiler Mmlulalion 

Propeller modutution. at a fre<iuency eiiual 
to the product of the numher of propeller 
blades by the number of revolutioiis per sec- 
ond, will nffect both-transmission and recep- 
tion. AithouRh such modulation can approach 
100 p?r cent in extreme cases, it .;an be mini- 
mized by nmuvinji the antenna from the im- 
mediate vicinity of the motors. 

|" '    HKT.I) I'ATTKR1\S UK A^T^:^^AS 
(IN AlHCRAn 

Since the rndiatm« system formed by an 
aircraft antenna and the skin of the plane 
upon which it is mounted is generally quite 
complex, the field patterns of such a system 
are usually 'tuite different from those of a 
similar antenna in free space or mounted on 
n flat infinite conducting plane. Except under 
certain special conditions, usually met in prac- 
lice only in the case of u-h-f anUnnas mounted 
on or in flat, unobstructed airplane ourface* 
of dimensions large in terms of wavelength. 
experience shows that the field pattern of a 

given antenna will be m.Jifled to a greater or 
less extent by the plane upon which it is used. 
To be certain that the field pattern of a given 
airtraft antenna installation satisfies the re- 
quirements of the problem, it is usually nec- 
essary to determine the field pattern experi- 
mentally. 

iai.i        night MeasiiremenlH of Field 
Palterus of Airrrafl Antennas 

The moat direct method for determining the 
radiational characteristics of a given antenna 
on aircraft is to install the antenna on the plane 
upon which it will be used, connect it to a trans- 
mitter covering the frequency range in ques- 
tion, and fly the plane in a definite course 
around a field-strength meter located on the 
ground. While direct, this method has dis- 
advantages: it is a difficult procedure, requir- 
ing that the plane be flown on a prescribed 
course maintaining constant speed, distance, 
anil elevation; there are perhaps less than a 
doieu pilots in the country with sufficient skill 
and practice to make accurate pattern mea- 
surements poaaible. Furthermore flight mea- 
surement* are expensive and time-consuming, 
often—in times of plane and personnel short- 
ages—an outright impossibility. 

The most serious objection to flight measure- 
ments is that at best they yield information 
about only a very small part of the total «eld 
pattern of an aircraft antenna. Because of the 
oscillatory nature of the «pace-wave field upon 
which aircraft communication depends it is 
difficult, if not impossible, to obtain meaning- 
ful field-strength measurements when the test 
airplane is at distances comparable with its 
elevation. The oscillatory region extends from 
5 to !00 miles from the ground station, depend- 
ing upon elevation, fretiuency, polarization, and 
ground conditions; accordingly the angular 
spread of the space pattern that can be mea- 
aured in flight with any pretense at accuracy is 
extremely limited—0 to 10" below the horizon 
being an optimistic range. While this range of 
elevation angles could be extended by banking 
the plane, the pattern pilot usually has enough 
to do without having to maintain his plane at 
a constant angle of tilt.  The use of a second 
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plane to replace the ground station would 
merely multiply the diftkuities already present 
and would introduce the further complication 
of the directivity of the receiving antenna Sys- 
tem on that second plane. 

For these reasons flight measurements are 
usually restricts to the determination of field 
pattern in the horizontal plane of the ship. 

' Pattern MeaKiirenienti' In Mei 
Models 

t of 

Model measurements, based upon the prin- 
ciples of similitude and reciprocity, form the 
most satisfactory method for determininn the 
radiation patterns of aircraft antenna systems. 
In thif method an accurate 1, n-scale model of 
thp plane is mounted on a nonmctallic tower 
in such a way that the model has two degrees 
of rotational freedom and is located in the 
uniform field of a pyramidal horn radiating 
energy of frequency n times that, used on the 
full-scale plane. The model plane is remote 
from the horn (in terms of wavelength), the 
directivity of which is such that there is no 
danger of interference effect due to reflection 
from the ground or from nea-by obstacles. A 
1/M-acale model of the antenna is mounted 
upon the metallic surface of the plane in its 
proper position and is connected, through ap- 
propriate feed and matching systems, to a 
thermocouple, bolometer, crystal, or other de- 
tectcr. located inside the model, the d-c output 
of the detector being fed from the model to a 
remotely located microammeter or other indi- 
cating or recording device. The reading of the 
d-c instrument bears some simple relationship 
to the r-f signal received by the antenna. By 
properly orienting the modei plane, whose po- 
sition with respect to the horn is usually re- 
motely controlled, it is possible to determine 
the relative field pattern of the antenna in any 
or all directions in space. 

The validity of model pattern measurements 
depends largely upon the accuracy with which 
the model and the antenna are constructed and 
scaled. It deptBÄi also upon the measuring 
equipment, particularly in regard to frequency 
stability nnd constancy of output of the oscil- 
lator and upon uniroriuity of the field pattern 

of the horn over the entire region in space m 
which the antenna can be situated as a HWUt 
of the motion of the model. Aside from the 
care required in scaling the length of the an- 
tenna and in locating it in its proper position 
on the ship, no mrther precautions need lie 
taken with the antenna and its associated feed 
system, in ordinary work. That is. as far as 
field paUorna are concerned it is not necessary 
to scale every detail of the feed system nor to 
be sure that the antenna is matched to the 
detecting system. An exception to this general 
rule is met in the case of multiple-antenna sys- 
tems, in which two or more individual antennas 
are fed with currents of definite relative mag- 
nitude in definite phase relationship. In auch 
case» it may be necessary to scale every detail 
of the antenna system exactly and to be sure 
that impedances are matched throughout the 

system. 
Although the conditions upon which the 

principle of similitude is based are not com- 
pletely fulfilled in that no attempt is made to 
scale either conductivity or dielectric constant, 
there is ample experimental evidence that this 
defect introduces negligible error. 

■•At    Calculaiion of Aircraft Anlcima 
Pallerns 

In the v-h-f range particularly, the radiating 
system formed by the antenna and the skin of 
the ship upon which it is mounted may be ex- 
ceedingly complex. Here the dimensions of 
structural parts of the plane are of the same 
order of magnitude a», or large compared to. 
the operating A; such structural members tend 
to become increasingly effective In casting 
shadows, in causing reflection effects, and in 
generally disturbing the resultant field pattern 
as the frequency increases. Because of the aimi- 
larity in siw; between such parts of the ship's 
structure and A it is possible that resonance 
effects will occur in tail fins, stabilizers, suns. 
and in other antennas, it is further possible 
that resonance effects may occur in the smooth 
unobstructed skin of the fuselage itself; su-h 
resonant surface currents may have radiation 
characteristics that entirely mask that of the 
antenna proper, the antenna functioning some- 
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what like a coupling lonp by means of which the 
skin of the ship is loaded. Becatisp of all thesu 
possibilities and because of the geometrical 
complexity of the aurfacea of modern aircrurt. 
it is usually impossible to calculate the field 
pattern of a v-h-f aircraft antenna with any 
degrrc of accuracy. 

At very high frequencies and under certain 
conditions it is sometimes possible to make pat- 
tern calculations that are qualitatively useful. 
These possibilities are limited to cases in which 
tht antenna is located remote from reflecting 
and resonating objects, on or near smooth clean 
surfaces of extent large compared to the operat- 
ing A. As an example of a pattern calculation 
under such ti.inlitiou.s, consider Figure ß. Here 

-.i.. 

the fln constitute semi-infinite conducting 
planes interwjeting at right angles. At 450 mc 
the «urfaces involved are large compared to A, 

and when the antenna is cloae in to the side of 
the Hn the angle juhtended at the antenna by 
the lower edge of that surface is large, ap- 
proaching th,' 90° that would be subtended by 
the "edge" of a semi-infinite plane. It will be 
seen that measured and calculated patterns are 
in good agreement for the small spacing of A/2 
(corresponding to a subtended angle of 71"). 
At the larger spacing of 2A (subtended angle 
46°) the agreement is only qualitative in that 
both patterns have the same number of lobes in 
about the same position. At 4A (subtended 
angle only 27°) the agreement is poor. 

the solid lines represent the measured vertical- 
ath wart-ship-plane patterns of a horizontal A/2 

dipole suspended with its axis in the line of 
flight A/4 below the undersurface of the hori- 
zontal stabilizer of a PBV, at varioua distances 
out from the aide of the vertical tail fin. The 
dotted lines represent the corresponding pat- 
terns calculated from simple image and antenna 
array theory, ^ipon the assumption that the 
unuorsurlace of the stabilizer and ths side of 

"" Definilion of PolariEation 

Unlike the clear definitions of polariiauon 
used in optics, these concepts arc u*ed in air- 
craft radio engineering with considerable con- 
fusion. In the horizontal plane there is little 
difficulty, the electric vector of horizontally 
polarized radiation lying in the '■horizontal" 
plane of the ship in normal flight; that of ver- 
tically polarized radiation lying normal to this 
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plane. In the vertical fore-and*aft plane the 
electrit vector for horizontal polarization is 
always "horizontal" in that it lies parallel to the 
horizontal surfacts of the »hip and is always 
in the same sense, that is. in the athwart-ship 
direction. In this plane the electric vector for 
vertical polarization is truly vertical only in 
two direction«, dead ahead and dead aft. At all 
other angles of elevation in the vertical plane 
of Right "vertical" polarization has a horizontal 
component, proportion: 1 to the sine of the angle 
of elevation as measured from the horizontal 
plane. Directly above and directly below the 
ship "vertical" polarization is entirely hori- 
zontal in the usual geometrical sense, the direc- 
tion of the vector being along the lino of flight. 
In the vertical athwart-ship plane, "horizon- 
tal" polarization is always horizontal, the elec- 
tric vector lying parallel to the horizontal sur- 
faces of the ship, its direction along the line of 
flight; but "vertical" polarration is truly verti- 
cal only off the port and starboard wiiiK tips, 
the electric vector being 100 per cent horizontal 
and athwart ship, directly above and directly 
below the ship. 

There have been attempts in the past to avoid 
this confusion by the use of symbols, polariza- 
tion Mug exn*esBed in terms of its components 
alonir the two angular coordinates of s spherical 
reference system. This ir. correct and quite un- 
ambiguous to people banng the spherical co- 
ordinate syst'1!!! perfectly in mind at all times, 
but such persons seem to Iw few and far lie- 
tween. Aircraft radio engineers continue to use 
the phrases "vertical polarization" and "hori- 
zontal polarization" with thjir customary 
promiscuity. 

I'rcHt'iilnlion of Patlc i Data 

Many different methods of presenting pat- 
tern data in graphical form have been used in 
the past. 

The most usual procedure is to give only 
three complete polar patterns for relative field 
strength or relative power in the horizontal, the 
vertical fore-and-aft, and the vertical athwart- 
ship planes. In most cases the distribution of 
radiation in these three planes sufflces to give 
a pretty fair idea of the directivity of the an- 
tenna system. 

Where complete information is desired, or 
where an unusual installation makes a peculiar 
field distribution probable, the complete spheri- 
cal pattern, covering a solid angle of ir. may lie 
taken. Complete spherical data may be pre- 
sented by means of three-dimensional models, 
by means of a series of plane polar diagrams, or 
tf means of stcreographic projection diagrams. 
An example of the latter form of presentation 
is shown in Figure 7. It has the big advantage 
over other methods of showing at a glance just 
where the radiation is going, with all lobes and 
nulls clearly evident, rapidly changier parts of 
the field being indicated by the crowding to- 
gether of the constant-field-atrength or con- 
stant-power contour lines. In the general case 
two such stci eograpbic projections—one for 
each hemisphere—are necessary (for each 
polarization) for complete presentation of the 
data. But in the case of symmetrically located 
antennas a single diagram is siifticii*m for I'lub 
polarization. 

lit.*     Absolut« versus Relalivr Field 
Sircnplb Paltrrns 

It has been the practice in the past to present 
patterr; data on a relative basis, simply in teems 
of arbitrary fle'd strength or power units plot- 
ted against azimuthal or elevation angle. There 
has been some Interest in the presentation of 
aircraft antenna pattern data on an absolute 
basis, in terms of millivolts per meter watt 
input power per mile, or in terms of the direc- 
tivity of the system with respect to an Isotropie 
radiator, a Hertz doublet, or a A/2 dipolc 

Model measurements «in be made to yield 
absolute patterns, but the procedure involved is 
extremely tedious. 

If It ii 
r. then; 

pawrr din ;lvity n repk 

Ivlty with respect 1« s Herti 
doublet. 

\'2/äD     Ii field «trsngth directivity with respect In ■ 
Hcrt» dnuWet. 

HMD       it power dWtivily with reipeet to a t/2 
dipole. 

O.TSv'D    i» « flelil-ttrtiijrtli Jirerli. ity ti'h fMpert to 
_    ■ Jk Z dipole. 

S.40v'7(   ia absolute Held itrength In  millivolt* p>-r 
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Ant< 
Similurilii-H iM-lucfii Aircn 

in.) r.lr.,1 Anlrnnu l'a 

The radiuli'm muximum in the verlical |iat- 
tern i){ a* 4 (or lens than A 4) untemia worked 
against fiat infinite jtround ia along thf horizon, 
the entire field pattern of Hot) a system beinir 
simply the upper half of Ihe paltfrn of a verti- 
cal dipole in free IplM. Thia i« mil the case 
with K'ound planes of finite aize. 

Carter" has meaaured the vertical plane pat- 
tern« of A,/4 antennas mounted on circular and 
rectangular grounil planea of various size, and 
has found an approximately linear relation be- 
tween the anicle of throw-up of maximum radia- 
tion and the logarithm of the distance in A from 
the base of the antenna to the edge "t the iur- 
face upon which the antenna is mounted, the 

This »ame effect ocean in the cane of stub 
and whip antennaa mounted verticallj on alr- 
crall. Figure H «hows a plot of throw-up angle 
as a function of relative distance from the an- 
tenna was mounted on a smooth unobstructed 
logarithmic aeale. the linear relation obtained 
by Carter for «imple flat groutul screens being 
indicaled by the straight line. The twelve point« 
shown in this fitfure were obtained from meas- 
ured vertical plane )iatterng of stub antennas 
on aircraft in inatallalions such that the an- 
tenna was mounted on a smooth unobstructed 
surface of curvature small compared to the 
operating A in the direction in which the pat- 
terns were run. It is evident from the close 
iignement between these two sets of data that 
many antenna installations are found in prac- ' 
tk-e under conditions such that the surface on 

DIlTAHer   IN   A 10   ID«   Of   SIOUM MWMI 

Anitlrof mmim Til radinlion w futiciion of diWam» Jrnin .it»™« to eig* of Hurfa« or 
Ml .». fl.l |MUd ftaBM 

angle of throw-up being less the larger that 
distance, the theoretical value of zero elevation 
for an infinite plane being approached very 
slowly as the siie of the surface Women lurgt 
in terms of A. 

which the nntenna is mounted is a close enough 
approach to a flat ground plane so that Carter's 
data may be used to advantage in predicting 
the general r. lure uf the distribution of radia- 
tion in the vertical plane». This simple relation 
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hili be quite invalid for antennas mountod on 
«urfuct's havin« iinmounttKi curvature near the 
untefina, or for inHtallationa auch that obstruc- 
lions like fins, niotors, turreU, and other an- 
tennas are iikely to effect the field pattern in 
the plane in queatiun. 

A similar en r responds nee 'wtweun aircraft 
antenna patterna and the patiern» of antennas 
in ideal locations is found in the case of v-h-f 
and u-h-f horizontal anlennas mounted near flat, 
horizontal surfaces on aircra't. Patterns quite 
similar to theoretical patterns are actually ob- 
served in the case of horizontal antennas 
mounted near a wing or fuselage surface that 
is large in terms of wavelength. In the ease of 
aircraft inslallaHona, the field strength will not 
drop off to zero along the horiHsn because of 
the finite size of the aircraft surfacea. 

'■" Field Paltern» «f Vertieal Anleimaa 

PATTERN VERSUS FREQUENCY 

The field patterns of a given type of antenna 
in a given location on a given plane are mark- 
edly sensitive to frei|Ueni.y. P.-Utoma of a given 
antenna on a given plane (see Chapter 17) re- 
veal tile following frequeiicy-dependent phe- 

nomena : 
In Ihr Horiiontal P'nnp. At the lower fre- 

quencies the horizontal plane patterns are 
fciirly symmetrical, the vertical members of the 
Sip's structure (for example the vertical fin uf 
a B-ll) being too small relative to the operat- 
ing A to be capable of casting sharp shadows or 
of causing pronounced reflection effects. At the 
higher frequencies these disturbing structures 
become large relative to A, and the horizontal 
patlerna are then more complex. Definite 
shadow regions appear, in which the field in- 
tensity is small compared to the average, al- 
though rarely zero owing to diffraction around 
the edges of the obstacles. Other minima are 
doubtless due to destructive interference be- 
tween the direct ray in certain directions and 
Ihu ray reflected from the tail-fin surfacea. 
Similarly matima also appear in the pattern. 
resulting from constructive interference be- 
tween direct and reflected rays. 

In the Vertical Forr-and-Aft Planf. Even 
though the antennas (of a B-I7 for example) 
may be mounted atop the fu&elage over the 
wings, a great deal of radiation is found below 
the horizon at the low frequencies, at which the 
wing and fuselage surfaces are too small in 
terms of A to act as efficient screens. At the 
higher frequencies little radiation is found 
below the horizontal plane. 

At the lower frequencies the angle of maxi- 
mum radiation is higher than at higher fre- 
quencies, agreeing with measurement and 
theory in the ease of stub antennas worked 
against ground planes of finite size, showing 
that the smaller the extent of the ground plane 
in terms of A the greater the angle of throw-up 
of maximum radiation. 

Another effect evident in vertical fore-and- 
aft patterns is the increasing number of lobes 
and nulls aa the frequency is increased. These 
are partially explained on the basia of structure 
effects, which would naturally be more pro- 
nounced the higher the frequency, aut would 
also appear if the surface of .the plane were 
absiolutely flat and unobstructed, due to the 
presence of standing surface wavea on ground 
planes of finite size. 

In the Verlieal Atkirart-Ship Plane. The field 
patterns in this plane may be marked by similar 
effects, such aa decreasing radiation on the 
opposite aide of the ahip from that on which 
the antenna is located, decreasing angle of 
throw-up of maximum radiation, and decreas- 
ing symmetry of pattern, .a the frequency is 
increased. 

PATTERN VEHSUS LOCATION OF ANTENNA 

The field pattern of a given type of antenna 
for a given frequency on a given plane, is 
greatly dependent upon the location of the an- 
tenna on the plane. This dependence Is best 
demj,i*trated by reference to experimental 
results. 

Figures 9 and 10 show the field patterns of a 
KKMne A/4 stub antenna in four widely differ- 
ent locations on a PBY. The great effect of loca- 
tion ia obvious in this seriea. The patterns for 
the instdilatioh atop the vertical stabilizer are 
of particular interest in that the effectiveni a 
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HORIZONTAL   PLANE 

NNASON AIRmAFT 

VEHTrCAL FORE-AND-AFT PLANE 

HORIZONTAL   PLANE 
AHEAD 

VERTICAL FORE-ANfr-AFT PLANE 

of a largo surfare (the wintra) as a reflectur 
(notice thp larjre forward lobe in the upper 
vertical fcrs-and-aft pattern) and the inelTet- 
tiveness of a small surface (the tail stabilizer» 

as a pcreen (note the relatively large Hmonnt of 
downward radiation in the aHme puttern) are 
both demonstrated. The horizontal plane pat- 
terns of this scries are interesting in that they 
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VERTICAL FORE-AND-AFT PLANE HORIZONTAL PLANE 
AHEAD 

HORIZONTAL   PLANE VERTICAL FORE-AND-AFT PLANE 

AHEAD 

show the effect of slight deviations of antenna    these patterns were taken involved « «•■^ "f 
location from the axis of symmetry of the pla 
upon the »ymmetry of the horiwrntal patten.. 

Another ununual esampie of the effect of 
location on field pattern ia showr in Figiirta 11 
and 12. The projeel in connection with which 

antenna» for a B-2'l, the antennaa to yield " 
form" distribution of vertically polariied radia- 
tion in Lhe horizontal plane and in the upper 
hemisphere for 30s to 4üJ above the horizon. 
At 20 to 40 mc. suitable patterns eoulrt be real- 
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bod by m.'iins of antennas installed ^'up the 
ftU^age, on (ht üne-nf-Hittht centerline, «p- 
proximattly 12 ft fnrwarii of tile leading edge 
of the horizontHl stabilizer. To simplify installa- 
tiois problems it was desired to mount the hitch- 
frequency antennas {40 to 60 mc) in thu same 
location. While the horizontal and vertical fore- 
and-aft plane patterna are satisfactory. Figure 
11 show» that the vertical athwart-ship pattern 
indicates that most of the radiation in that 

VERTICAL ATHWART-SHiP PLANE 
UP 

elsewhere in this report. In the case of thip 
par' iular prolilem, such loadiiiR effects with 
con »eil n en I «froiiR radiation from surface cur- 
rent» in (he skin of the fuselatte were inhibited 
by moving the antenna forward to where the 
wing surfaces could interfere, 

VERTICAL ATHWART-SHIP PLANE 

UP 

plane is downward, and that there are sharp 
nulls about 20- gtwvs the horizon to either Ride 
of the ship. For these reasons this location for 
the h-f antennas had to be abandoned, and the 
48-mc antenna was moved forward along the 
fuselage centerline to the trailing edge uf the 
wing. Now the patterns in all three planes were 
satisfactory, the radiation in the vertical 
athwart-ship plane (Figure 12) now being uni- 
form and upward as desired. This effect, be- 
lieved due to the loading of the surface of the 
cylindrical fuselage when its circumference is 
resonant, is discussed in greater detail in the 
treatment of the broad-band  whip antenna,1' 

The pattern of a given type of antenna for a 
given frequency is greatly dependent upon the 
type of aircraft upon which it is mounted. This 
is particularly true in the middle and upper 
v-h-f range. The effect of the nature of the 
plane is most pronounced when the antenna is 
worked at frequencies such that size« of »truc- 
tural members of the ship are of the same order 
of magnitude as the K, and when the antetma is 
located on surfaces of pronounced curvature. 
About all one can say as to the patterns of nimi- 
lar antennas in similar locations on different 
planes, is that if the planes are much alike, dif- 
lering mainly in size, then the pattern char- 
acteristics found on one plane will be found on 
the other plane, at n higher or lower frequency, 
depending upon the relative sizes.   In the gen- 
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eral cane, v.here v-h-f and u-h-f anteniiaa are 
muunted on planen tif widely different dimen- 
sions and ahapwi, the pattern» will be greatly 
dependent upon the nature of the plane and 
upon the relation of the antonna to the predomi- 
nate at rurtural features. 

'*'*      Efferl of Nearby Stnuiurec on 
PailertiH 

One of the hazards of aircraft antenna desifcn 
is the possihility that an antenna desifrned to 
have certain pattern eliaracterUtit» and in- 
stalled on the »hip in question will later be 
ruined by the installation of another antenna, 
a new turret, or an auxiliary gas tank in the 
immediate vicinity of the first antenna. Unless 
the effect» of such disturbing structures are 
allowed for in the design of the original an- 
tenna, it is well to locate any metallic object of 
site or length comparable with the antenna 
dimensions at least one wavelength from the 
antenna. 

"■*-"    Cross Poiarisslioti from AiriTdfl 
Anleiina« 

There is usually some of the opposite polar- 
ization present in the field pattern of a simple 
vertical or horizontal antenna on aircraft, par- 
titularly in the lower v-h-f range. While the 
actual percentage of energy in cross polariza- 
tion for a given insMllation depends in a com- 
plicated manner upon the frequency, the site 
and shape of the ship, and the location and 
orientation of the antenna, it is fairly safe to 
aay that under ordinary circumstances it. is 
small compared t'i the normally polarized radia- 
tion. 

Under certain conditions, when the currents 
in the skin of the plai.e are proiierly disposed, 
the amount of cross polurizÄtion may Iw much 
prealer. Also, the amount of cross polariiatiun 
may bt greater in other planes than the hori- 
zontal. While the presence of relatively large 
amounts of horizontal polarization is found 
with vertical antennas in particular installa- 
tions, the phenomenon is not one upon which 
one may count in general; that is to say, it is 

ill-advised to expect to receive or transmit hori- 
zontally polarized radiation efficiently with a 
vertical antenna. 

Cross polariiation is isually more pro- 
nounced with horizontal anionsi' than with 
vertical, particularly in the h-f and lower v-h-f 
ranges. Here two factors ure at work. (1) ptirt 
of the vertical radiation may be due to loading 
of the «kin of th= ship or to resonance effects in 
vertical surfaces of the structure of the plane; 
and (2) at very low frequencies a horizontal 
antenna may have an appreciable vertical com- 
ponent, which, although smal! compared to the 
total antenna length, may lie a relatively much 
more efficient radiator th»n the horizontal com- 
ponent, especially since the horizontal antenna 
current tends to be inhitited in ita radiational 
effects by the presence of an opposite image 
current in the nearby surface of the ship. 

■riw 

Most of the pattern problems discussed above 
are serious only in the v-h-f range. At higher 
frequencies the pattern of a given antenna 
worked againat a large clean surface on air- 
craft, will be quite similar to the pattern on an 
inflnite ground plane, except, of course. In cages 
where obstructions txist in the near field of the 
antenna. The effect of disturbing factors is then 
more pronounced the higher the frequency. 

Compared to the problem of obtaining good 
aircraft antennas for horizontal polariiation 
the design of vertical antennas for the v-h-f and 
u-h-f range» is relatively easy. Not only is it 
easier to secure good input-impedance char 
acterist'cs consistent with satisfactory me- 
chanical and aerodynamical features, but, be- 
cause of the symmetry inherent in the field of 
simple vertical antennas and because of the 
wide variety of locations in which they may be 
mnunled on a plane, the problem of obtaining 
satisfactory ratliiitional chdracterisiics nn air- 
craft is also much less difficult. 
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"-*-1 Broud-Biind Antennae 

The desiitn of antennas having flat impedance 
charm tITistici • in eaaier the higher the fre- 
quency. Thereare two reaaon for this; (1» the 
higher the frequency the smaller the physical 
dimensions uf an antenna structure large in 
terms of A and the less difficult the problems el 
merhanica) and aerodynamical design, and (2) 
the higher the frequency, the smaller the an- 
tenna, and the less difficult the problem of fecd- 
inar the antenna structure in a manner which 
will not impair it» inherent broad-hand char- 
acteristics. For these reasons antennas having 
band widths of the order of several octaves are 
practical in the u-h-f range, while in the lower 
v-h-f range it is a triumph of design to obtain 
a flyable antenna having a band width of only 
20 to 30 per cent.'1 Bearing these facts in mind 
we proceed to a discussion of several .luccessful 
broad-band antenna designs. 

WIDK-BAND U-H-F CONE ANTENNAS 

The flat imi>edance eharactericlics of biconi- 
cal antennas fed by balanced two-wire trans- 
mission lines were demonstrated experi- 
mentally and theoretically by Carter, by 
SchelkunoiT. and by others, years ago.' More 
recently the Radio Research Laboratory haa 
developed single unbalanced cone antennas for 
broad-band uae on aircraft at ultra-high fre- 
quencies. 

The cone antenna t naiata of a sheet-metal 
circular cone tapering from a small diameter 
at its base, where it is attachxl to the inner 
conductor of the coaxial feed line or to the 
inner comftictor of a eoasial tapH leading into 
the feed line, outward to a dimeter of the same 
order of magniiude as its height. The apex 
angle varies for different applications, a typical 
value being 60°. The top of the cone is capped, 
either with another section of u cone of greater 
apex angle or with a segment of a spherical 
surface. The impedance characUriatica of the 

X 1OO01 

cone antenna are remarkably flat over a range 
of frequencies cor res ponding to a range of an- 
tenna-heigh t-to-wavelength ratios extending 
from about 0,2 to 2 or more. For many appli- 
cations the cone antennas a.'e sulflciently broad 
band in themselves to permit their being fed 
directly from the feed line without need for 
conventional matching sections. Figure lil 
shows a sketch of a cone capable of covering the 
entire u-h-f range, 300 to 3,000 mc, with less 
than 2.5:1 SWR on a 50-ohm feed line. 

Me liiqvjtnry '-..nitr uvcr *7\icr\ i.i.1 i 
• Kimp ipecitled «l»nJ«rd, uauslly ti 

From RRL Report 411. 
TM-79. 

Cone antennas may be supported by insulat- 
ing brackets attached to their peaks, or may be 
mounted within Incite radomea or blisters. Be- 
cauae of ths large cross-sectional dimensions 
of ihe cone, or its surrounding blister, these 
antennas are not suitable for use on aircraft at 
frequencies much lower than 300 mc. 

The patterns of cone antenna« are in general 
similar to those of simple cylindrical radiators 
of equal electrical length. If desired, the cone 
antennas may be mounted at an angle with the 
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fliile of the ship o: 

polarixi-d :-adiation. 

THE SLEEVE ANTENNA (TOB UFPER V-H-F 
AND LOWER U-H-F) 

The aleeve antcitiiH, developed by RCA 
Laboratories, is ensetitialiy a A/4 stub sur- 
rounded for about half its length by a coaxial 
Bleeve which may be »Imply an extenxlon to the 
feed line. The sleeve is grounded to the skin of 
the ship at ita base, the antenna being fed at 
the mouth of the sleeve. Since this feed point 
is approximately half-way up from the base, in 
a low-current reeinn, the apparent input re- 
sistance is high, uf trie order of 100 ohma. Thin 
constitutes a big advantage in broad-banding, 
since a high-Impedance antenna can be matched 
down to a 50-ohm line over a much wider band 
than that over which a tow-impedance antenna 
can be matched up. other things being equal- 
The sleeve antenna differs from ni-npler broad 
band antennas in that the attainment of flat 
input impedance charoctemtics is not of pri- 
mary importance. The sleeve antenna involves 
four adjustable parameters—the ratios i>f sleeve 
length total length and sleeve diameter/stub 
diameter in addition to the basic parameters 
(I.e., length/wavelength and diameter length) 
of the simple stub—which make possible a high 
degree of control over the impedance character- 
istics of the antenna. By properly manipulat- 
ing these four variables one can attain ehar- 
acteristica which are not necessarily flat and 
which may vary rapidly with frequency but 
which vary in the right way to "track" with a 
preselected type of matching section. Berauae 
of this flexibility, the sleeve antenna can be 
used to take better advantage of the properii->8 
of a simple matching section than can be oV 
tained with antennas affording leas control over 
input impedance. The effectiventss of this ap- 
proach to broad-ban ding, i.e., that of distorting 
the antenna impedance to flt the characteristics 
uf a given matching section, can be striking, a 
tenfold increase in useful band width resulting 
from the application of a properly designed 
matching transform«' to a properly designed 
sleeve antenna being not unusual.   A sketch of 

a simple sleeve antenna, and a typical SWR- 
frequency curve are shown in Fiifure 11. 

Since the current distiibutinn on Iho outer 
surfaces of the sleeve antenna is very much the 
same as that existing on the surface uf a simple 
stub, the field patterns uf sleeve antennas on 
aircraft will be similar to those of whip or stub 
antennas in corresponding locations. 

The sleeve antenna is most useful on aircraft 
in the general range 100 to 1,000 mc. At higher 
frequencies a cone antenna may be used to bet- 
ter advantage, while at lower freiiuencies the 
cros« section of wide-band sleeves becomes pro- 
hibitively large, so that broad-band whip an- 
tennae are more satisfuetory- 

BROAD-BAND WHIP ANTENNAS 

Broad-band whip ant-nnas developed by the 
Antenna Section Research Division, Aircraft 
Radio LalMiratoiy, Wright Field, constitute 
s.ime of the most successful aircraft antennas. 
In addition to their electrical features these an- 
tennas have very low wind drag, are tactically 
inconspicuous, are easily mass-produceu, and 
are relatively easy to install on aircraft, 

The antennas are lough stee! whips, the 
diameter tapering from about U in, at the b&sf. 
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to about M in- »t the tip, the height (roughly 
A/4) ranging from 30 in. to 6 ft, depending on 
the frequenry band. When used in ismjunctbn 
with a simple two-element matching sectioii 
consisting of lengths of standard coaxial cable 
compactly coiled in a metal can attached tu the 
base of the whip, these antennas are capable of 
approximately 40 per cent band width in the 
lower v-h-f range. Several such antennas, each 
with iU associated matching aection, have been 
designed to be easily interchangeable in a single 
mounting fixture, four ot them together cover- 
ing the 36- to UO-mc band with less than 2:1 
SWR on 50-ohm cable. 

The whip antenna» depend for their broad- 
band characteristics partly upon the fact that 
the Impedance level of a stub antenna worked 
rigainst a cylindrical ground surface having a 
circumference of the order of magnitude of the 
operating A is higher than tnat of the same 
antenna worked against a flat ground plane. 
This fact is shown b;.' the curves of Figure 16, 
which represent the variation with frequency 
of the resonant resistfnee of stub antennas 
idi ntical except for length mounted on curved 
surfaces. Both curves indicate that impedance 
levels much higher than the normal 36 ohms of 
a stub antenna worked against Rat ground am 
be obtained with stub or whip antennas 
mounted on the roughly cylindrical fuselages of 
large planes in the lower v-h-f range. 

Evidence indicates the necessity for baaing 
the design of antennas for the lower v-h-f 
range upon impedance measurements made 
with the antenna installed in the location in 
which it is to be used While such measure. 
ments are preferably made on the actual ship, 
or on a partial full-scale moch-up it is possible, 
if great care is taken in scaling bc>th the plane 
and the nntenna and its feed system, to obtain 
useful results with measurements made on 
models. While the clfect of the fuselage upen 
'he input charscteriatica of broad-band whip an- 
tennas is favorable, both as regards high-im- 
pedance level and flat reactance characteristics, 
if a whip antenna iucorporatine a matching 
section based upon flat-ground-plane impedance 
measurements were used in the name location 
as these whips, the resuiti« woulJ not Ire satis- 
factory. The characteristics of the antenna are 
too greatly atTected by currents in the curved 

fus<'iage for ground-plane measurements to be 
valid, Thia effect is not limited to the lower 
v-h-f range, but occurs in tiny aircraft antenna 
installation whe-e the radiis of curvature of 
the skin of the ihip at the antenna location is 
small compared with the operating A. 

■tup (UMlaK« of B-i*. 15 f( «ft ot tl 
wing, full-ufBlv »hip in flight (dmU fr.™ 
B. «lib antMHM Iwbw ruHl>ge of B-24 m 

from HCA I abarBtoHo). ' 

Figure 16 shows a typical Ä'HTf-frequency 
curve lor a low-frequency broad-band whip 
mounted on a B-2^ The band width shown, 
obtained by means of a simple two-eli'ment 
transmission line matching section, is more 
than twice as great as that obtainable with the 
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do the latter, as would be expected Mince the 
top of the fuselafte represents a much closer 
approach to large flat ground plane nlonit the 
line of flicht than it does athwart ship. 

BEOA&-BAND FAN ANTENNAS 

A fait-shaped »"'•y of three or morii wirea' 
strung from a lead-in on the side or top of the 
fuselage to some supporting structure, such as 
a guy wire or part of the ship itself, forms a 
satisfactory broad-band antenna at the ex- 
tremely low-frequency end of the v-h-f band. 
These antennas, developed by the Antenna Sec- 
tion, Research Division, Aircraft Radio Labo- 
ratory, Wright Field, have numerous advan- 
tages. 

1. They have impedance characteristics such 
that they are easily matched to 50-ohm cable 

r frequency bands of the order of 25 to 35 
per cent wide, an unusual band width in view 
of the low fnquenciea involved. Impedance 
matching of fan antennas is usually eflected 

i two-element matching section 

same antenna mounted on a large flat ground 
plane and used in conjunction with a much 
more complicated matching section. 

Figure 17 shows the principal plane patte'ns 
uf whip antennas mounted atop the fuselage -, 
of a B-24 The typical butterfly distribution consisting of lengtha of commercially available 
evident in the vertical «thwart-ship planes is in coaxial cable compactly coiled in a metal con- 
fair agreement with that calculated by Carter tainer mounted juat after the lead-m. inside 
for stub nntennas worked against cylindrical    the ship .,     ,     ,. 
surfaces of corresponding relative size. The 2. Since the tans are made of ordinary air- 
effect of currents in the ^kin of the fuaelage can craft-antenna wire they offer much less w.nd 
be seen by comparing the vertical athwart-ship resistance than do convenUonal large-surface- 
nlane patterns with those for the vertical fore- area antennas of comparable band width at 
and-aft planes: the former show much more comparable frequencies, 

radiation in directions below the horiwin than , Because of the finenesa of these i 

FiauaalT.    Pstttrn of whip n»CMll«<lnnlt-S4,(op. 
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minor differences in the utructBM of the plane 
in their immeiliute vicinity «nd to the presence 
of near-by antenna;». 

2. Installation »f a fan is not ■ very con- 
venient procedure. 

3. The field patterns of fan antennas are 
not notably symmetrical, since In get sufficient 
height for a larflre percenlage of vertically 
polariied radiation the antennas must usually 
be worked against one side or other of the 
ship. In some cases the asymmetry is such 
that a tactical course must be fown. 

4. There is usually a considerable percentaRe 
of horlwmtally polarised radiation in the field 
of a fan antenna. 

Figure 18 shows a sketch of a typical fan 
antenna installation and Us Slf/t-fn-queiicy 
characteristic as measured in flight at Wright 
Field. Figure» 19 and 20 show field patterns 
at the center of the band of this antenna, for 
vertical and for horizontal polarisation, re- 
spectively, as measured by means of models 
by the Ohio State University Rpcearch Foun- 

(an antenna is practically invisible at diaUncea dation. 
of the order of 20 ft or more, an obvious tacti- 
cal advantage. .   . 

Among the disadvantages inherent in tan    BROAD-BAND INVERTED-!, ANTENNA 

antennas, of negligible importance compared     (LowV-H-F) 
to their advantages for most applicationa, are . , .,     , 
the following- The broad-band inverled-L antenna, dcvel- 

1 Fans must be tailored especially for each oped by RCA Laboratories, is an adaptation 
installation Because of their spread in area, of the simple inverted-L. or flat-top, antenna 
the  characteristics of  fans are   sensitive to    used on aircraft at frequencies s a low that the 

Ficua* 13. Vertical p 
near top itirlwird fun 
fuselage 1W< In. torwar 

n patwrns for S-wire fan W-IM antenna for B-i4. wtm -I 
, forward of leadinnedtfeuf »taHmard «Uhilii.r'■■ I'-"" D 
IK edit» "f venlpal MahiliTer. (From ARL Report 3.iT.) 
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height *if a conventional A/4 whip or stub 
would be prohibitively great. A sketch of a 
simple inverted L havinir a height equal to half 
Us total length i.s shown in the upper portion 
of Figure 21, where the measured input im- 

pedance of such an antenna is also shown- It 
Lt evident from these impedance charactemtica 
that while the antenna has a much smaller 
physical '■eight at resonance than the corre- 
spondinj. whip antenna, its impedance level ia 
low and its reactance charactemtic ia at«p, 
limiting it" usefulness to spot-frequency or 
narrow-band applications. 

it has been found possible, by means of a 
sleeve (that is, by extending the coaxial feed 
line beyond the ground plane up to the bend 
in the antenna) and by properly proportioning 
the relative cross sections of the vertical and 
hori/ontal members of the antenna, UJ retain 
moat of the reduction in vertical height gained 
in the simple inverted I. and at the same time 
secure an antenna ot broad-band characteris- 
tics. The modified inverted L is sketched in 
the lower part of Figure 21. The modified ver- 
sion has a much higher impedance level and 
an appreciably flatter reactance-freciucncy 
curve than the simpler antenna. Consequently 
it can be matched to a low-impedance line over 
much wider frequency bands. The actual band 
width obtainable with an inverted L depends 
upon the complexity of the matching section 
used; band width varies from about 12 per 
cent in the case of an L fed directly from 
fiO-ohm line to about 58 per cent »hen the L 
is used in conjunetion with a three-element 
matching section consisting uf lengths of com- 
mercially available coaxial cable. 
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Amonx the more simple antennaa i 

mechanical 8tren«th, and (i) the large base 
must be connected lu Hi« «mall inner umductor 
nf a coaxial feed line in a manner which will 
not destroy Itie intrinaic broad-band charac- 

i aircraft in applications calling fnr    teristics ol the antenna. This last is a difficult 
limited band  width  in the u-h-f and   upper    problem   which   haa   not   been   satisfactorily 
v-h-f ranges ore the 'ollowing. 

(AN-l.iB).   (Data 

THICK STUB ANTENNA 

A A/4 stub of fairly large erotw section IN 

known to have broad-band input characteria- 
tlca. However, there are two difficulties inher- 
ent in these antennas: (1) The fact that they 
must be bftM-insulated requires the use of low- 
IOM golid-dieleclric mountinjr fixture» of great 

solved to date. 
The AN-155 antenna, developed by the Radio 

Research Laboratory, In an examplp of the 
thick stub as used on airemft. This antenna. 
sketched in FiRure 22, consist» of a phenolfc- 
impreftnated maple mast, covered, except at its 
base, by a metallic sheath. The base is held by 
an insulating bracket and the sheath is fed by 
a tapered metal strip, or "dog ear." connectlnti 
the lower edge of the sheath to the Inner con- 
ductor of a standard coaxial cable connector. 

The measured input impedance of this an- 
tenna is aI?o shown in Figure 22. It is to be 
remarked that these characteristics depend to 
a rather large extent upon the shape and posi- 
tion of the "dog ear." Such a mast antenna, 
30 in, high, and of 2^x1 V4 in. streamline cross 
section, is capable of covering the 90-to-UO-mc 
band without need for external matching sec- 
tions. By cutting down the length of the an- 
tenna, higher frequency bands, of Increasingly 
greater width, may be covered. 

BROWN-EPSTEIN ANTENNAS 

A simple u-h-f antenna, combining a strong 
mechanical mounting with provision for mod- 
erate hand width, is shown in Figure 23A. In 
its simple form the antenna consists of a A/2 
rod mounted coaxially in a A/4 deep cylindrical 
well set into the ground plane against which 
the antenna is worked. The portion of the sys- 
tem contained in the well serve« two purposes: 
(1) It acte as a shorted A/4 line, which, by 
presenting a high impedance to ground at the 
central feed point, effectively insulates the bast- 
of the protruding A/4 radiator while at the 
same lime it provides a strong metellic mount- 
ing, and (Z) this shorted A/4 line acta as a 
parailei-reaonant circuit, in shunt with the an> 
tenna, a circuit well known to 1« effective in 
flattening the reactance characteristic and in 
raising the impedance level of a series-resonant 
antenna. 
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A version moie suitable tor use on airomft 
iti sketched in Figure 238. Here the nhorted- 
line support hau been placed inside the rndi- 
«tor, where It functions exactly as before, witli 

vertical fin ^f * B-t7, where surface currents 
In the immediate neighborhood of the feed 
point of a conventional stub would greatly 
modify the stub impedance and radiation 
charact eristic«. 

HALP-FOLDEI>-DIPOLE ANTENNA 

One-half a Carter folded dipole worked 
avainst ground (see Figure 23D) forms an 
aircraft antenna with two advantagea over a 
simple stub. (1) It includes its own matching 
section, for. by proportioning the relative di- 
ameters of the two cunductora properly, it is 
possible to secure a perfect match to the feed 

illpola. 

the additional advanUge that thi; radiating 
surface is now larger and consequently will 
have flatter impedance chnracteristies. This 
surface may be streamlined to reduce drag. 

SKIN-BACK ANTBNNA 

The skin-back antenna, shelched in Figure 
280, consist« of a x/i radiator which may be 
considered as the continuation of the Inner 
ductor of the cmixial fi«d line, the outer con- 
ductor of which la folded back upon Itself to 
form the lower half of n vertical A/2 dipoli 
The ahortod A/4 line acts as a high-impedum 
choke in seriea with the lower half of the ai 
tenna. effecMvely laolatinir it from the re- 
mainder of the outer surface of the feed line. 

This antenna has been uned on aircraft 
line, and ('2) since one side of the antenna is 
metallically grounded the antenna is inherently 

nsUllation« such that it is desirable to isolate    strong. Measured impedance charaeleriHtica of 
the antenna from the adjacent surface» of Ihe 
ship.   For example, it has been used atop the 

tyoiral baif-fnlded dipole are shown In the 
upper part of Figure 24. 
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'"■,      Lera-ihan-Quartrr-WHvelenfth IWEKTED-L ANTENNA 
Vtltferi Antennae The jnvertwi  L ha|, (lht)rt phy!,(ceil helght 

An obvious means of Riinimlzinx aerodyna- and, if modified, can be broad banded, as is 
mic and mechanical  dilficiilties whik- at  the described elsewhere in this report. 
aame time  retaining  some  of  the  desirable 
features of the \/i antenna is to use resonant 
antenna» which are short compared to the op- 
eratint: A. There have been many attempts at 
antenna design along this tine, four of which 
are shown in Figure 25. 

DIELECTRK- ANTENNA 

A simple stub radiator, surrounded by di- 
electric material, will be resonant «t a much 
lower frequency than the dame antenna in air, 
the actual reduction in physical length depend- 
ing upon the inductive capacity and relative 
volume of the dielectric. The impedance ohar- 
acteristics of such an antenna are plotted in 
Figure 26. It will be noted that the Impedance 
level is too low to permit successful broad 
banding. 

HEI.If . ANTENNA 

The helical antenna contains its own loading 
coil, and while it can be made to be resonant at 
a height equal to a small fraction uf A/4, its 
tharactcrislic» are market! by a very low-im- 
pedance level and by a very stuep reactance 
characteristic so that its usefulness, if any, if 
limited to spot-frequency applications. 

Fict'u 26. lmporf«n,v charar 
eil mtmiia nf Fifuru 2ri, and 
d/»l«ctHc cylinder. 

BENT HALF-FOLDED-DIPOLE ANTENNA 

This antenna ha« impedance characteristics 
which are matchable to 50 ohms over moderate 
frequency bands. 

'"' Half-Wave GTuundc<l-I^M)|( Antenna 

A semi-eircular A 2 loop antenna, mounted 
in a vertical plane, with one end grounded tn 
the skin of the ship and the other end attached 
to the inner conductor of a coaxial feed line, 
has  several  advantages over the simple A/4 
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stub for vertical polamation in Ihe u-h-f range. 
1. Its vertical hciirht is less than one-sisth 

of the resonant A, NO that if mounted with the 
plane of the loop in the line of flight this an- 
tenna will have lesii wind drag than the corre- 
sponding stub. 

2. Sinr^ onp side of the loop Is grounded it 
can h" made to have great mechanical sirength. 

3. Ita impedance characteriatit» are uueh that 
it can be easily matched uver ijulte wide fre- 
quency bands. 

The field pattern, for vertical polarisation, 
of this antenna worked against a flat surface 
on aircraft will be similar to that of a vertical 
stub antenna in the same loctition. The patterns 
of full-wave loops have beon investigated theo- 
retically by Carter, and are discussed in Sec- 
tion 18.7. 

'"    MtiLTIPLE-RESONANT ANTENNAS 

It may sometimes be desirable in aircraft an- 
tenna work to use a aingle antenna for trans- 
mission or reception in two or more aeparate 
frequency bands, the frequencies being so 
widely spaced aa to make the use of a broad- 
band antenna covering the entire range in- 
cluding these band« imprictical. One scheme 
for reaPteing such an antenna system is shown 
in Figure 27. The antenna consists of a cylin- 
drical stub made in two pieces, the upper 
portion being supported by the inner conductor 
of a shorted coaxial line which is recessed into 
the lower part of the stub. The lower part of 
the antenna is of such length as to be resonant 
at the center of the high-frequency band, the 
A/4 line built Into \nis section effectively isolat- 
ing the lower stub from the upper portion of 
the antenna. The total length of the antenna 
is made «uch that, sllowing for the reactance 
introduced by the line section, the complete 
antenna will be resonant in the center of the 
low-frequency band. It will be seen from the 
Impedance curves of Figure 27 that the partic- 
ular antenna shown is uaeful from 320 to 372 
mt and from 468 to 520 mc, representing un 
extreme ri.nge of frequencies which could not 
IKJ covered by a conventional antenna of like 
crose section. By varying the dimensions of the 
various parts of the antenna it is possible to 

secure pass bands of greater or less spaHng and 
of greater or less hand width. The principle 
can, of course, be extended to three or more 
pass bands.   This antenna has one advantage 

over very wide-band antennas, in that it avoids 
the pattern difficulties which may appear at 
the high-frequency end of the band of such an- 
tennas, where the antenna may be several 
multiples of A/4 Ion». 

'•'       ANTENNAS FOR HORIZONTAL 
POLARIZATION 

The design of aircraft antonnaa for hori- 
zontal polarization in the v-h-f and u-h-f ranges 
generally involves much greater difficulties 
than the design of corresponding vartwal an- 
tennas. Not only are there grave m<.-!nnfeti 
problems, particularly in the lower v-h-i hi, ' 
where the structure of the plane offers ic\ 
altcnialive methods of supporting the antenna 
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and conaequenlly permitü only a restrieled 
choice of antenna location«, but there are elec- 
trical problems as well. The pattern and im- 
pedance requirementu for horizontal antennas 
at these frequencies are usually such as to 
demand that the two components of the an- 
tenna be fed in some definite phaae relation- 
ship, usually 180° out of phase, with the result 
that balance transformers as well as conven- 
tional matching sections must ue included in 
the feed system if band width is desired. 

"'' Broad-Band Ualamce Trangformcri" 

Since must antenna installations for hori- 
Kontal polaritation on aircraft are of the bal- 
anced type, and since mMt aircraft transmit- 
ters are desiBned to work into low-impedance 

unbalanced cable, it is usually necessary to 
iiisert between the antenna and the line a 
device for maintaining balance even thnuirh the 
freuuency departs considerably from reso- 
nance.  One of many such transformers is the 

l>.rvr*L POI ABl/ATKIN __£*? 

"bazooka" or "Ijalun" developed by the Radio 
Research Laboratory, sketched in Figure 28. 
When properly constructed this transformer 
maintains both sides of the two-wire line at 
equal and opposite potentials with respect to 
ground over large frequency ranges to either 
side of that for which the twinax line inside 
the balun is A/4 long. Furthermore, if the 
characteristic impedance of the twinax line In 
the balun is large compared t« those of the 
coaxial and balanced cables between which it is 
inserted, the presence of the balun will cause 
little reflection ovir very wide frequency bands, 
as may be seen from the reflection-frequency 
curves of Figure 28. These curves apply to a 
rather artificial case, since the impedance of 
balanced cable or of balanced antennas is usual- 
ly higher than that of coaxial cable. In practice 
a transforming section must usually be in- 
serted on one side or other of the balun. 

in,» Anien,^g for "liniforra" Hcirimntal 
Plane Paliern 

BE NT-SLEEVE DIPOLE ANTENNA 

The sleeve dipolc antenna» developed by the 
Radio Research Laboratory give pear-shaped 
horizontal plane patterns for horizontal polar- 
ization and have broad-band characteristics at 
frequences less than 600 me. The antenna 
consists of a A/2 dipole bent into a V having 
an included angle of about 100"; each arm of 
the V is surrounded fur about half its length 
by a coaxial sleeve; the arras lie in to the bal- 
anced side of a broad-band balance transformer 
which in turn is fed by 50-ohm coaxial cable. 
The antenna and its attached balun form a unit 
which plugs into a streamlined cylindrical 
mount which is permanently «ttsched t" the 
akin of the plane, the mount holding the plane 
of the V horizontal, in proper relation to the 
skin of the ship «nd to the direction of flight. 
A series of such antennas may he used inter- 
changeably in the ssme mount, in order to 
cover a very wide total frequency range. 

Figure 29 shon-s plan and elevation sketches 
of Ibis antenna, and includes a skelth of the 
feed system. The SWß-frequency curve of that 
figure gives some idea of the band width at- 
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■nd SWR of banl-xleevc clipoLa.   (From RRL He 
port 41t-TH-lUZ.) 

lAinnble in the upper v-h-t and lower u-h-f 
rHnges. While these Antennas have very satis- 
factory characteriaticB in the 200- tu 600-mc 
range, their impedance characteristic« are 
marred at higher (retiuenciea by the adverse 
effect« of the feed-ayatem discontinuities un 
band width, and at lower frequencies they be- 
come physically large, introducing mechanical 
and wind-drag difficulties. 

Figure 30 shows the pattern yielded by the 
bent-sleeve dipole mounted approximately X/4 

IICN AT i-H-r «ND V-lt-F  

belc.v thi; underaurface of the fuselage of a 
largo plane. The large energy throw-down in 
the vertical plane could 1» remedied by moving 
the antenna farther out (closer to A/8} from 
the akin of the ahlp. 

THE COAXIAL-FED V-DIPOLE ANTENNA 

In Eome respects this antenna is similar to 
the bent-aleeve dipole antenna. It consists of a 
coaxial-fed (unbalanced) dipole with A/4 arms 
attached to the inner and the outer conductors 
of the supporting feed line, the arms lying in a 
plane perpendicular tu the feed line and 
forming a V with an included angle of 95 to 
100". The supporting line extends A/4 beyond 
the ground plane on which the antenna is 
mounted, its outer conductor being grounded 
at the base. 

The horizontal plane pattern of the antenna 
is peanut-shaped with aide minima in field 
strength about 4 dh down from the maxima. 
The vertical plane patterns «how the large 
amount of throw-down to be expected from a 
horizontal antenna mounted A/4 from a eon- 
ducting sheet. 

The antenna yieldn little veitically polarized 
radiation at resonance, but as the length of the 
supporting line departs from A 4, the current» 
in its outer surface result in increasingly larger 
percentages of vertical radiation. It has been 
found experimentally that the antenna can be 
used over frequency bands approximately 35 
per cent wide before the maximum average per- 
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energy. Since no effort is made to maintain 
bulano.' between the twu nidea of the V, the 
patl /ns tend to become asymnu-trical at fre- 
quencies far from resonance, another factor 
timitinK useful band width to about 36 per c«nt. 

Figure 31 shows s sketch of a simplified 
version of the antenna, a typical set of input 
impedance characteristles, and a SWR-ln- 
quency curve for an antenna having a built-in 
low-impedance series transformer. Because of 
the simplicity of the feed system these antennas 
have wide-band u-h-f impedance characteristics, 
a set of four interchangeabh antennas covering 
the 500- to 1500-mc range with less than 2:1 
SWR on 5(l-ohm line. 

Figure 32 shows the measured horizontal 
plane patterns at three frequencies distributed 
over the range of a model intended for use in 
the 1175- to ISOÜ-mc band. 

SPLIT-CAN ANTENNA 

Figure 33 shows a sketch of a u-h-f split-can 
auteima developed by the Radio Research Labo- 
ratory for horizontal polarization. The antenn» 
consists of a cylinder of streamlined cross sec- 
tion, split longitudinally along the trailing side, 
and mounted normal to u ground surface from 
which its base is insulated. The antenn« is fed 
by B balanced line, which ties on at the two 
opposing edges of the split.   In a tentative 

centage of vertical polarization becomes greater    theory the edges of the split are regarded as a 
than 20 per cent of the total radiation in the    continuation  of the two-wire   feed  line,  the 
plane containing the most vertically polarized    surface of the zntenna acting aa a shunt loop 

FiauaE 31, it-fed  V  dipolc  for horiwinUI 
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Mn«B thi» line. Since the current* in this aur- thoae of the small looi» uwsd for direction find- 
face loop are horizontfll, the resulting radiation ins at low frequenciea, characleriBtics whicti 

B hcriMntally polarized, the horizontal plane    make these antenna* attractive in certain ap- 
patt«rn being Bubstantially uniform with the 
minimum only about 3 db down from the maxi- 
mum. When the surface of the antenna is less 
than A/2 around, its effect is that of an induc- 

tive shunt across the feed line, resulting in an 
increase in the physical lenftlh of the antenna 
at resonance, For example, the 30-cm high an- 
tenna of Figure 33 is resonant at approximalcly 
37B mc, corniaponding to an electrical length 01 
0.375 A compared to 0.24 or less tor a conven- 
tional resonam stub of similar irosa section. 

Low ANTENNAS 

The possibilities of circular loop antenna« of 
dimensions largo compared with the operating 
* have been explored, independently, by 
Carter,' Fwler,5 and Sherman.'1 Large loop an- 
tennas have characteristics quite different from 

plications   where   horizontal   polarization 
desired in the u-h-f range. 

In the absence of experimental data on the 
impedance and pattern characteristics of full 
circular loops on aircraft this discussion will be 
limited to the presentation of theoretical data 
taken from a report by Carter.* While the im- 
pedance level of loops less than A 2 in circum- 
ference is low, loopa of the order of A in eir- 
cumfemice have respectable input reaistances. 
A loop A, 2 In circumference mounted with its 
plane horizontal would yield a very uniform 
pattern for horizontal polarization in the hori- 
zontal plane; unfortunately it» radiation resist- 
ance would be only about 13 ohms, a value 
which would have to be stepped up consider- 
ably, poasibiy by means of a sleeve, before the 
antenna would be useful for any but narrow 
band applications. 

'"*     Aalcfjp?« of ÜieX/2 Dipole Type 

Antennas of the cent«r-fed A/2 dipole typo 
are commonly used for horizontal polarization 
in applications such that the nulls in the field 
pattern along the direction of the antenna 
axis are not objectionable. 

BROWN'S ANTENNA 

An interesting u-h-f antenna for horizontal 
polarization on aircraft is that developed by 
('..,,H. Brown-.The A/4 arms of the dipole 
consist of strong tubing held in line by an axial 
insulating rod. the dipole being supported in a 
horizontal position \/4 out from the skin of the 
ship by means of two vertical metal cylinders, 
closely spaced and connected to the two arms 
of the dipole at either side of the central feed 
point. Since the vertical supports are base- 
grounded, a nmchanically strong mounting is 
secured, while the fact that these supporta are 
fc 4 long insures that the antenna is electrically 
inaulated from ground. A coaxial feed line, 
which may include a teriw transformer match- 
ing section, runs up through one of the sup- 
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pining cy'ii"lerH, tying on to the two «idea of 
the dipole at !he feed point. 

In another version of this antenna the axial 
rod aligninB the two halves of the dipole is 
motallic and connected to the mdiatora only 
through metal plugs at each end of the dipok'. 
This system is* fed from a balanced line, one 
side of the line tying on to each radiator at the 
feed point, the coaxial lines included inside the 
mdiators acting as a ahunt matching section, 
which results in flat input impedance charac- 
teristics over a fairly wide frequency band. 

WIRE DIPOLES 

Because of mechanical and wind drag con- 
siderations none of the antennas previously con- 
sidered are suitable for use on aircraft at fre 
(juenews much below 200 mc. For frequencies 
in the lower v-h-f range it becomes necessary 
to use wire antennas, an example being a A, 2 
dipole of ordinary aircraft untennp wire (trung 
parallel to the line of flight, supported at its 
two ends either by masts or by convenient 
points of the ship's structure, and center-fed 
from a twisted pair or twinax cable. Such an- 
tennas are, of course, extremely narrow band, 
and are therefore useful only for spot-frequen- 
cy applications, or for applications in which 
manual or mechanical antenna tuning is per- 
missible. 

The band width of wire dipoies can be con- 
siderably improved by making each radiator 
in the form of a cylindrical or conical cane of 
wires, thus simulating large-aurface conductors 
while at the same time retaining the low-drag 
features of wire antennas. The average char- 
acteristic impedance of multi-wire cage dipoles 
is discussed at length in a report prepared bv 
Diviston IB.' 

"'T'* Pulyphaüc Aiilunnus 

Another example of antenna system which 
has u-h-f possibilities, and perhaps even for 
mucn lower frequencies, is the turr.stile an- 
tenna developed by Brown and by Lindenblad 
for f-m and television transmitting purposes. 
This antenna, which may in regarded either as 
two crossed x. 2 dipoles fed in phase-quadrature 

or us four x/4 anteiiiiHH urrangi-d alon^ the 
diagonals of a square and fed in !H),, phase 
rotation, yields an unusually symmclrkal pat- 
tern for horizontal polarization in the hori- 
zontal plane, and has the further advantage of 
naturally broad-band characteristics in that the 
reflection coelflcient on the main feed line is 
equal to the square if that existing on the 
branch lines leading to ilic individual antennas. 
The desirable features of the turnstile anlenna 
are accentuated in the three-phase Y antenna. 
which, since it has only three radiators, instead 
of four, is perhaps mon- attractive for low-fre- 
quency use on aircraft. This antenna consists 
of three A/4 radiators arranged symmetrically 
in the horiwintal plane, the radiators being fwi 
with equal currents in thrw-phase relationship. 
In this system the reflection coefficient on the 
main feeder is equal to the cube of that existing 
on the individual branch lines, resulting in still 
greater broad banding due to feed than is ob- 
tained with the turnstile antenna. 

Despite their advantages there are very good 
reasons why polyphase antenna systems have 
not been exploited thus far. In the first place 
these systems require high-impedance com- 
ponent antennas, of 100 ohms input impedance 
in the case of the turnstile, and ISO ohms in 
the case of the Y. presuming a 5ü-ohm main 
line. While high-input-impedancu-A/4 antennas 
may be obtained by means of sleeves there re- 
mains the problem of obtaining high-impedance 
branch line». Furthermore the patterns of these 
antenna» depend upon proper phasing of the 
currents in the component antennas, which in 
turn depends upon a proper impedance match 
throughout the system. For this reason it is 
difficult to measure the field pattern» cf these 
antennas on aircraft by means of models, since 
not only must the antenna dimensions be prop- 
erly scaled, but the individual antennas must 
be accurately matched to their feed lines. The 
latter condition is liiincuit to realise at the s-h-f 
range used in model work. Whether the large 
amount of exp^rimenlal work required in the 
development of these antennas is justilird 
depends upon the need for uniform pattern and 
broad-band impedance characteristics. The fact 
remains that theae are among the very few an- 
tennas that have even a chance of satisfying 
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Mulliplr Aiitrnna» for H 
Po'nriEation 

of the ship in order to sücure varying amounts 
of both horiKontal and vartical i-olarization. 
and whilu other antennas, such a.* fans and 
loop-*, incidentally Rive radiation of both types, 
there are special antennas for this purpose. 

Any of the antennas suitable tor  vertical THE FISH-HOOK ANTENNA FOR CIRCULAR 

polarization may 1» used for horizontal polari- POLARIZATION 

zation it properly mounted. However, such an- ^ M2201 and M2202 antennart developwi 
lennas. mounted on one aide of the fuselage ^ tht j^^ ReSi:arcj, laboratory consist of 
in a horizontal position or at an angle with the ^ thjck djpoleSp QI0KS^ Ht right angles, with 
Ride of the fuselage, neceaaarily give asymmet- ^ individl]a| radi8ting elements bent down- 
rical patterns.   If symmetry is desired it is ^^ ^ ^ ^^ of approximately 30 ! with 
iMMMkry to use two similar antenna« mounlert ^ horizont8|.  Each radiator is supported by 
in corresponding positions on opposite side» of ^ conductor of a tour-conductor open line A/4 
the plane and fed in proper phase relationship. ^   Th,s [iw leifl(is into the mieTiOT 0f the 
Such antenna combinations have been deve- Mp ^ fl phaging and matching unit which 
oped by the Radio Rea-ianh Laboratory in col- ^^ the two dipolea jn phaBe quadracure and 
laboration with the Ohio State Umveraity Re- whjch matchea the combine.: input impedance 
search Foundation,   When antennas made UT> ^ the ^.^ transmifl8ion [jne. A sketch of the 
of A/4 stubs and cones are fed in phase. I bo al,(enn(v-   together   with   its   SWÄ-frequency 
horiionta. plan« pattern contains lobes ahead L,h((rac(eriBtic „„d meMured field patterns, Is 
and astern for vertical polarization, with nulls ghown jn F1([ure 34] 

In the corresponding positions for horizontal 
polariiitii.(i; when the antennas are fed IKO" 
out of phase the situation is reversed. As far 
as symmetry is concerned, thewe antenna sys- 
tems become leas satisfactory the higher the 

frequency. 
Since no compensation b j:ained m m-phase I| 

or in out-of-phase feeding, indivMuslly broad- | 
band antennns must be use.) if band width is I 

desired. * 

**•        Surface or Inleriur Antennas 

Flush-mounted anUnnaa such as slots, horns. 
and wedges are suitable for horizonUl polari- 
lalion at upper v-h-f and u-h-f frenuencies. In 
many cases, such antennas, mounted singly on 
the underside or wing or fusulage or in pairs 
on either side of the ship, have pattern and 
impedance characteristics satiafactoiy foi cer- 
tain applications. These antennas are described 
elsewhere in this report. 

■ I 
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ANTKNNAS FOR BOTH VECTICAl 
AND HORIZONTAL KMUUOZAWO« 

While any of the conventional linear anten- 
nas can be mounted at odd angles wilh the skin 

The antenna is intended to be mounted on 
the underside of the fuselage of a plane, the 
maximum radiation being downward with ap- 
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proximatcly piiual vertically and horizontally 
polHrized tompimetita. The milfiina feed sys- 
tem is »i> arrunsi'd that it can be used with 
either one or two transmitters. It is desijpied 
to be mounted inside a plastic radome. 

TRAILING-WIRE ANTENNAS (H-F AND 

Low V-H-F) 

The simple trailing-wire aulenna used on 
aircraft fur lonwanfte eommunication in the 
m-f and h-f ransfes is an example of an antenna 
with which greater or Itsa amounts of either 
vertical or horiaintal polarization may be ob- 
tained. It consists simply of a lenfrth of copper. 
clad ateel antenna wire wound on a reel and 
passed out through a faiiMcad installed in the 
lioltom or side of the fuiclaite. The wire ter- 
minates in a wind soek, for horiiontal polariza- 
tion, or In a «ti-eamiined weiKht if vertical po- 
larization is desired. The antenna is fed from a 
coaxial cable through a contact located where 
the wire enters or leaves the fair-lead, and may 
be considered as working against the skin of 
the ship as ground. 

When IrailinR wires are operated at a lixed 
length less than i/4 their impedance character- 
istics arc marked by low resistance and by 
large capacitative reactance, varying rapidly 
with frequency. If transmiltiug efficiency is 
desired, the antenna must be fed through a 
matching section or tuning unit containine 
manually adjusted or motor-curitrolled variable 
lumped elements. When trailing wires are op. 
erated at some resonant icnglh. such as A/4 
or 3A/I1, they are, of course, nonrcactive and 
have a reasonably large input resistance which 
varies with frequency in a complitateii manner 
depending upon the size of the plane, th^ length 
of the wire, and the relative positions of plane 
and wire, linder many conditions this reals. 
tance is close enough to GO ohms ao that the an- 
Umi.a may be fed directly from the transmis- 
sion line without recourse to matching sections. 
If extreme transmitting efficiency is required 
the antenna resistance may 1* matched to that 
of the feed line, by means of simple circuits 
of coils and capacitcrs, as is shown by the ex- 
ample of Figure 35. 

At the low frequencies at which Irailing- 
wire antennas are ordinarily used, makhing 
sections consisting of lengths of transmt«su>n 
line are too bulky to be practical. 

The patterns of simple trailing antennas in 
the lower v-h.f range are generally messy as 
compared with those of the Mxed aircraft an- 
tennas   recently developed   for  low-freijucncy 

—  

PWUME K,    ChorBpler 
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SniraiBBI ANTENNA 

The stingcree antenna, developed by the Bell 
Telephone Laboratories, is intended for broad- 
band use, for either vertical or horizontal po- 
larization, in the lower v-h-f range. 

The antenna consists of a A 2 dipole of the 
r-kiri-liiwk 'ype, trailed from the plane at the 
end of 60 to 100 ft of standard coaxial cable. 
The antenna, sketched in Figure 36, contains a 
two-element transmission line matching sec- 
tion which is built into one side of the dipole. 
The radiating surfaces of the dipole consist of 
cylindrical metal-braid sheathing, quite similar 
to the armor used on RG.36.. U coaxial cable. 
The far end of the antenna terminates in a 
streamlined weight. The combination feed and 
tow cable is coiled just before entering the 
dipole proper, the coil acting as a bigh-im- 
pedatice choke in series with the antenna and 
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put of the feed line, some 50 to 100 ft fr-m» the 
antenn«, beiiiK leNM than 2:1 over such raitgex. 

therefore tending to keep radiating currents    C'.Mpicuity.   are   solved   at   once,   simply   by 
from the outer -turface of the feed line. eliminfttion. These spectacular adve^lages have 

This antenna is said to have band .vidtlw of aroused great interest m surface antennas, an 
Ihe order of 25 to 35 per cent at the extreme interest which has extended to the development 
low end of the v-h-f hand, the ÄIVK at the in- of planes especially designed '.o accommodate 

siuch antennas, an example being the Bell l'-t), 
a plywood plane upon whose nonconducting 
surfaces antennas were simply to be pointed. 
Relatively little, however, had been accom- 
plished in the field at the time the prenent re- 
port was prepared. In a rather complete file of 
the reporta Issued by the various laboratories 
engaged in aircraft antenna research there was 
not a single one dealing with surface antenna» 
at frequencies lower than 3,000 mc. 

The following material constitutes what little 
was learned about surface antennas at this 
laboratory <RCALt. It represents work done 
here largely at the requcat of the Radio Test 
Department, U. S. Naval Air Station, Patuxent 
River, Maryland. 

The pattern of the stlngeiee la said to closely 
resemble that of a A 2 dipole in free space. The 
untennn ha» the further advantage in that il 
in towed x or more behind the ship and there- 
tore its radiational characteristics may be ex- 
pected to be much less dependent upor the 
nature and size of the plane th.in are those of 
ordinary fixed aircrar, antennas. 

IM SURFACK AM'ENNAS 

By mounting an aircraft antenna inside the lMJ            ^ Sinje.g|0, Antenna 
plan.'. *iLh its radiating surfaces flush with the ,, ( v    ,     ■,imni. Bint 
skin of the shi,., many of the problems of an- Figure 37 shows a sketch of a simple slot 
tenna d.nign. including wind-d.ag. mechamcal approximately U «Jong by . , 0 wide^cut out 
strength, icing, precipitation static, and tactical of the skin of the »htp. The slot >s backed by a 
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rec-lannuiar resonating cavity, of the »amti 
croaa section, and k/4 deep. The ayatem is fed 
by a short Qlindrical radiator, running across 
the slot, and introduced along the center line of 
the wide side cf the cavity a» an extension to 
the ir.ner conductor of the coaxial feed cable. 

Figure 38 shows that the aystem behaves aa 
nn antireaonant circuit of fairly high Q- 
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to the feed line, at one frequency, aimply by 
adjusting the ponition of the feed. 

Beca-jae of the atee]) characteristic a of the 
antenna input impedance it ia poaaible to ob- 
tain only four percent band width by means 
of a conventional A/4 transformer, a band 
width which may be approximately doubled if 
a twn-elemenl Iranamiaaion line matching sec- 
tion is used.   In view of the size of the anlennH 

in wavelengths, it is evident that a aimple-alol 
anter.na has impedance char act eristic« very 
much leas suitable to broad-banding than those 
of conventional cylindrical antrnnas.' 

This figure alito shows the effect of the posi- 
tion of the feed, relative to the bottom of the 
cavity, upon the impedance level of the system. 
Since the input resistance at antiresonance de- 
creases from high --aluea to zero as the feed 
radiator approaches the bottom of the cavity, 
it is evident that the simple slot can be matched 

Mlh higher than 
Ehlt'öf^'ilne'io'whKh it i. u. I« mt.ld..;d. It might 
»pjwiir lh.t Und width could 1» LocrsMed hy chi.iiKinir 

impwUn™ of th« llnr.   Thl« i* n..l lhc r»He; whilo Ihr 
miiUncc mlUh can Iw improv«! hy Inwennit it"  wd 
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The radiation from slr.l antennaB is cimfined 
to the same aide of the ship as that upon which 
the antenna is lucated. 

"" noublc-Slol Aiitrrma 

Figure 39 shows a sketch of B system of two 
parallel slols, each 3A/4 long, spaced A/4 apart, 
fed in phase. Althoujth no impedance measure- 
ments have lieen made for this antenna, it is 
not likely that the band width of this system 
will be «reater than that of a single slot, since 
there is no compensatory effect in the in-phaae 
feeding of identical antennas, and since the 
effect of the mutual impedance at such small 
apacinic is likely to lie adverse. 

*— 

o 
mi«  mstMN«  TS»I>S 
ISOL»mO    «»CHiTINO   SUSFiCE 
rnoM "tsi OF a»oijHo-PL»Hs 

luted The field patterns of a double 
under the winp; of a PBY-^.A ar- more sym- 
mttrical than those of the single slot, and the 
downward beam in the vertical plane trans- 
verse to the slot» is sharper. 

"■"   l.iiMl.-iililaii'- Duuble-Slol Antenna 

Figure 10 shows alternative arrangements of 
two slots spaced A'2 apart, each «lot being fed 
through a A '4-deep resonant cavity which is 
fnldeil bade par Ulel to the »kin of the ship. In 
this system there is evidence that surface cur- 
rents in the A/2-wide strip are responsible for 
most of the radiation, the strip behaving much 
like an array of thin A 2 dipoles lir.ed up aide 
by side. The A/4 feed cavities serve to isolate 
the radiating surface from the rest of the sur- 
face of the ground plane, performing the 
double function of placing a high impedance in 
scries with the immediately adjacent outer sur- 
faces and of insuring that what current does 
exist in these surfaces will be in phase with 
that in the strip. 

SWR measurements indicate that band 
widths of the order of 10 to 15 per cent may be 
obtained, without recourse to matching sections. 

"•■•      Lindenblad's Broad-Band Slot 

A very interesting slot system, which in- 
cludes a novel broad-band feed, i« ?ketched in 
Figure 41.- From the outside of the ship the 
antenna appears as two thin alots, approxima- 
tely Ö.6ÜA long, spaced 0.15A apart. From the 
interior of the ship the antenna appears as a 
thin square box. approximately 0.55A on a side 
and 0.07A thick, to oriented that the two outer 
slots lie parallel to one diagonal. This box is 
divided into two layers of approximately equal 
thickm-äs by means of an inner sheet of metal, 
which contains an inner slot 0.06A wide lying 
under the atrip separating the two outer slots. 
A septum attached to this atrip passes down 
through the inner slot to the bottom of the box. 
A feed strip, shaped as an equilateral triangle, 
leads from one edge of the inner slot to the 
bottom corner of the lower layer of the box. 
where it ties on to the inner conductor of a 
standard coaxial cable connector. By sys- 
tematically varying the width, length, and 
spacing of the outer slots, the spacing of the 
inner slot, and the shape of U ■ feed triangle, 
it has been possible to attain band widths of 
20 per cent without need for external matching 
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sections. Much wider band wkilhs are poisible 
if the standard of matching were to be stlightly 
relaxed, say to 2.5:1 SWR on a BO-ohm line. 

The SfV/f-frequency characteristic of a 
broad-hand slot system designed for altimeter 
use is included in Figure 41. 

directly from a coaxial line entering the middle 
wedge. The impedanci? chsracteristies of the 
anter.na are such a* to make it very aharply 
reaonanl. The field pattern, except in the plant- 
nomnal to both the surfact on which it is 
mounted and the length at the louvre (iixmings, 
connista of fairly aharp single lobeü, the posi- 
tions of which in space may be adjusted simply 
by manipulating the tuning condenaers in the 
two outer » 

'■■" Louvre, or Wedne, Anlenna 

The louvre antenna developed by P. S. Carter 
for an application quite remote from communi- 
cations is an interesting example of a flush- 
mounted intenna. The eyatem, I-'igure 42, con- 
sist« of three 'ery thin wedge« arranged to 
overlap so that their open bases are spaced 
approximately A/4 apart. The system is in- 
tended to be mounted uiKin the side or under- 
surface of the plane, depending upon the polar- 
iiation and pattern desirci, the open ends of 
the wedges appearing as lung thin slots covered 
with low-low dielectric, the antenna being fed 

* 1 
1 
Kan 
i 

i i 
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While the louvre antenna has few features 
attractive for communication purpose«, it does 
have pos.sibilities for other uses such sa drift 
indicating, tail warning, and applications 
when: eajily managed lobe switching ia deair- 

'""■ The WaveRiiide Anlenna 

The waveguide antenna sketched in Figure 
■Vi is a special type of horn antenna, i.e., a horn 
of zero Hare.   It is excited in the W„, mode by 
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means «f a stub antenna mounted parallel to 
Hie short side ot the truid", located approxi- 
mately A/4 from the closed end and fed directly 
from the coaxial feud line entering at the cen- 
ter of the long aide." 

The open, or radiatinK, end nf the guide can 
lie covered wiih a aheet o( low-low dielectric 

material mounted flush with the skin of the 
«hip. The patterns of a waveguide antenna hav- 
ing the dimennioni Mhpwn in Figure 43 and 
mounted in the tail of an F6F are shown in 
Figure 44. This antenna was intended for hori- 
zontal polarization at 400 mc, 'Jie guide being 
oriented so that iU long side is vertical. The 
patterns are (guite similar t.~ 'hose predicted by 
the theory and experiment uf Bnrrnw and 
(ireene. 

"*' Antennas in Semirylindrical Cavities 

Figure 46 is a conventional cylindrical anten- 
na mounted axially in a semicylindrical recess 
in the akin of the ship. The recess or cavity 
has an aperture approximately 0.4A square 

.which can be covered with a dielectric sheet 
mounted flush with the surface of the plane. 
The SWR-frequency characteristics show that 
while no band width is attainable with a simple 
stub radiator in the cavity (the resistance l< 
too low and the reactance variation too steep 
in this case), the use of sleeve antennas results 
in quite appreciable band widths. 

HORIZONTAL   PLANE 

AHEAD 

VERTICAL FORE-AND-AFT PLANE 

UP 

ASTERN DOWN 

Ü*S m'uth". 
(ws 
r«ui f facin« directly «tl. 
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Co nclu pious 
band width than ordinary antennas.  For moat 
communication purposes this is not much of an 

The materiai printed in th. prec.<iinB ««-    Ejection, particularly in ^ light of ™t 
tions summarizes what is Imown abont surface    developments r.^ultrng m band w.dtha of the 
antennas at thi« laboratory at thP present time,    order of 20 per cent or more. 

3. Surface antenna? have field patterns 
characteriEtd by more directivity than ia usu- 
ally deairable in communication work. They do 
not transmit or receive energy in directions op- 
posite to that in which they face, a aituation 
which can probably be remedied by mountin« 
\yio antennas on opposite side» of the «hip. 

4. Surface antennas, while having reached 
a stage of development permittinfi- their im- 
mediate application to many aircraft antenna 
problems, constitute a rich and virgin field of 
research, particularly along the lines of in- 
creasing band width (by continued develop- 
ment of broad-band methuds of fwding them), 
reducing hulk (poasibiy by means of filling 
them with low-loss dielectrics of high induc- 
tive capacity). and improving pattorna by 
means of multiple-antenna systems. 

The maximum power that can be handled 
by aircraft antennas depends upon the nature 
of the antenna and upon atmospheric con- 
ditions. 

Power capacity varies approximately as the 
square of the conductor diameter, and conse- 
quently will be greater for thick cylindrical 
and conical antennas than for antennas con- 
sisting of one or more small wires, such as 
fixed- or trailing-wire nnlennas or fans. 

Since breakdown due to corona or arc-over 
depends upon flc'.d strength rather than volt- 
age, maximum power will depend, upon the 
orientation of thi- antenna with respect to the 
ground plane against which ii is worke-i. being 
greater for simple vertical antennas than for 
antennas having component« parallel to the 
skin of the ship. Furthermore, since antenna 
voiUse for a given power input is a function 
of the rurrent distribution along the antenna, 
it is evident that an antenna with top-loading 
will have a different power limit from that of a 

From this data we draw the following conclu- 

1, Surface antennas, whether they be slots, 
horns, or cavities, are much larger relative to 
the operating A than are conventional exterior 
antennas. The maximum dimension is usually 
of the order of a A'2 or more. While slots or 
horns of such aperture are feasible m frequer.- 
ciea down to 100 mc (assuming their use on 
(nrffp aircraft), a 30-mc slot antenna would 
require quite a little mechanical engineering. 
Surface antenna* also have more or less bulk 
inside the skin of the ship, a fact which means 
that installation of even a small h-f antenna 
will be something of a major operadon. 

2. Surface antennas have much less intrinsic k 4 stub. 
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■■"■1   Anlcnnii L«iBlh »ml Brätinto« 

The «ntenii« vollBf*1 for a given power input 
ia proportional to the w)UHre root, ot the input 
rwistance, implyinif that the mBJcinium power 
for a given corona vultiw will be pioportlonal 
to the radiation resistance of the antenna. 
Hence a A 4 or longer antenna will handle more 
power than a short aiitenna. Since an electri- 
callv short antenna re<i lire« inductive loading 
to be fed at ail. and since the ohmic res ist» nee 
of the coil may be of the same order of magni- 
tude as the radiation resistance of the antenna, 
an appreciable fraction of the input power will 
not reach a «hort antenna at all. The loading 
coil must he designed to dls Täte that frac- 

tion safely. 

static will set in. regardless of the voltage on 
the antenna. 

'*"■* Summary 

The problem of power limits of aircraft an- 
tennas is too complex to permit wolution by 
simple, unqualified rules or formulas. It is. 
however, possible to make simplifying aasump- 
tions which may be uwful in a qualitative way 
in showing the effect of a few el the factors 
entering into the problem. The curved of Fig- 
ure 46 reprrawnt sur'i approximatlonu. While 
in particular cases t.iey may not even be cor- 

l^■'•" Antrmts Surface 

The surface of a high-power antenna should 
\w smooth and of relatively larger radium of 
-jrvaturc. since corona seta in at lower volt- 
ages the rougher the surface. 

The effect of dirt on the antenna surface is 
to start local discharges and may cause the on- 
set of general corona at lower voltages. 

■■loa Atmospheric Conditions 

The breakdown voltage of air is a compli- 
cated function of Its density, and so depends 
upon pressure and temperature. The dielectric 
strength nf air increases with density, density 
decreases with decreasing pressure and with 
Increasing temperature. The power capacity of 
aircraft antennas is therefore leas at high alti- 
tudes than at low, the i-ffect of decreasing prea- 
aure much more than compensating the eTect 
of decreasinn temperature as the altitude in- 

creases. 
While moisture present in the air has little 

effect upon the starting point of corona, once 
corona ia started rain and humidity reduce the 
spark-over voltage greatly. 

loniüation pre-exisling in the air surround- 
ing the antenna has little effect on the onset of 
crona. However if the plane picks up sufficient 
charge, corona  in the form of precipitation 
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rect as to order of magnitude, they show, in a 
general way, the relation between power limit 
and antenna diameter for two types of anten- 
nas important in aircraft radio. 

i«.n PRECIPITATION STATIC 

Precipitation static interferes with aircraft 
communication when the receiving plane paases 
through rain, snow, or through clouds of dust 
or ice particles. When first observed the static 
appears aa a series of popping noises in the 
receiver, which noises finally develop, as flight 
continues, into a continuous ronr completely 
obscuring the signal. The effect seems to be 
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,BC with higher speed planes, and in a given 
e static can usually be reduced by reducing 

Rrmrdirn 

The elimination ot proci|iilation rUtic It 
iichieved by a twofold attack on the (iroblem, 

1. Sharp points on the surface of the plane 
are rcnw,»1.. «\s far as antenna design is con- 
cerned this demands that the use uf line wire 
or of fittings involving surfaces of small radiua 
of curvature be iivoided. 

2, Provision is made for dissipation of the 
charge accumulated on the plane in a noise-free 
manner at a point remote »rum the antenna». 
Such discharge can be effected by means of a 
wry .t n wire, ending in a sharper point than 
any ■■ ■' the surface of the plane, trailing from 
the rear of the plane. A large-vam- .eaisior in 
series with thia wire tends to damp the oscilla- 
tions ordinarily associated with the discharge. 

Ail antennas projecting beyond the surface 
of the airplane are aerodynamic liabilitiea in 
that they are sources of parasitic drag. At ordi- 
nary subconic velocities parasitic drag may be 
considered as conaisting of two distinct types; 
frictional drag and form drag, which although 
interrelated in their effects will be considered 
separately. 

Frictional drag is the resistance experienced 
by a moving body due to the viscosity of the air 
through which it move». It is always propor- 
tional to the total surttce area exjwsed to the 
airstream. Any moving surface is surrounded 
by a transition layer in which the air velocity 
relative to the aurfaec increases from zero al 
the surface (neglecting the phenomenon of 
slip) to the full value of the stream \eloeity al 
the outer edge of the boundary lnyer. For low 
Reynolds  numbers   (the   product  of the   air 

density, the stream velocity, the maximum 
linear dimension uf the body normal to the 
stream, and the reciprocal of the coefficient of 
viscosity of the air) the flow in thia boundary 
layer is laminar. cnnsistinE of layers in which 
all or almoat all the fluid motion is parallel to 
that of the stream. Under this condition the 
coefficient of frictional drag is almost inde- 
pondent of the natiire of the surface of the 
body, depending only upon the Reynolds num- 
ber and the shape of the body. At higher Reyn- 
olds numbers, above a certain critical velocity 
which depends upon the shape of the body, the 
flow in the boundary layer becomes turbulent 
und there is greater frictional drag. For turbu- 
lent flow, frictional drag is greater the rougher 
the surface. 

Korni Drag 

Form ■'■'■':■■: i» due to :he disturbance created 
inthea^-i- i n by paasage of'-u Tiuving body 
and depenus largely upon the shape of that 
body. For objects with sharp edges the form 
drag Is virtually Independent of Reynolds num- 
ber, being almost entirely due to the differ- 
ence in pressure upon the leading and trailing 
surfaces. For rounded bodies the form drag 
coefficient depends upon the Reynolds number, 
the surface roughness, and the degree of turbu- 
lence in the airstream. Such rounded bodies as 
spheres and cylinders may have smaller dr-g 
coefficients at high velocities than at tow, the 
reason being that at low Reynolds numbers the 
boundary-layer (low is laminar, the flow sepa- 
rating on the leading side rt the body, resulting 
in a wide wake and a large form drag, while at 
higher Reynolds numbers the boundary flow is 
turbulent and does not separate until it reaches 
the trailing »ide of the body, resulting in a nar- 
row waku and a correspc.Jingly smaller drag. 
The iimgnitude of this eCect can be startling. 
Ii the case of a sphere the drag coefficient sud- 
denly decreases aixfold when the velocity 
nsacbsa the critical value at which turbulence 
sets in. Turbulence pre-existing in the air- 
itream reduces the critical velocity at which 
(his decease in form drap occurs. At still 
higher velocities, beyond the critical velocity, 
the drag coefficient rises slowly with increasing 
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mptiona undi'rlyinK the An« 

rulfllled, ' 
ulel of the antenna r 

velocity until took upeedn (75 per cent or more    plane tha 
of that of sound) are reached. formu.a» 

At aonic velucitiea (he entire character of the    drag of a 
airflow around the moving body changes, the    scale model of lb" plane b, mean« of a « 
teadiriK -mrfatea setting up »hock or compm-    tunnel.  An alternal 
sion waves resulting in a type of dra« known as 
wave  draK.   The   wa-ve-drag  coefficient   rises 
rapidly as tho velocity of the hody approwdiM 
that of sound, the total dra* becumiiiK "V^h 
Kreater than that aacribable to form or friction. 

ind 
tunnel.  An «luriu.live method is l.o moum the 
antenna on the .itlual iilane and put it thro 
alt the maneuvers likely to be met in ordinary 

flight. 

'■'"     Caiculalion of Anlrnna Drap 

Tables of values of frictional- and form-drag 
coefflcientB are available in the literature of 
aerodynamics which also includes formulas by 
means of which the drag on a given antenna 
may be computed with reasonable accuracy for 
either laminar or turbulent flow. Wave drag Is 
a relatively new phenomenon, encountered since 
the start of the war with the aUainraont of 
sonic velocities in dives with auper-fast planes. 
Very little quantitative data information on 
wave drag was available in published litera- 
ture at the time this report was prepared. 

It should be remarked hete that the total 
drag of a body moving at ordinary speeds may 
consist of frictional drag and form drag in 
almost any proportion, ranging from 100 per 
cent frictional drag for a properly deigned 
itreejnline form to almost If J per cent form 
drag for a smooth sharp-edged plate. 

An approximate aemi-eminrieal formula for 
the total drag of a smooth circular cylinder—a 
shape common among convunlional aircraft an- 

tennas—is 

D - O.OOlWV" 

where D is the drag in pounds per aquarc foot 
of projected area and V is the velocity in mph. 
This formula results in giwd agreement with 
experiment for wire and rod antennas moving 
at moderate «p.fedR. 

"■"'    Meaflurvmeiit «f Antenna Drap 

A more direct procedure, giving nore satis- 
factory results when the antenna is of Ciimpli- 
cated shape or located in such a poaition on tho 

'•■1"    gfmpli  Means of Kedueing Drap 

Frictional'drag may be reduced by smooth- 
ing the antenna surface. While at low speeds 
the nature of the surface is more or less im- 
material, at high speeds (turbulent flow) a 
smooth surface is essential to low drag. 

Form dran may be greatly reduced by 
atreamliniug, that is, by so shaping the an- 
tenna that it produces little eddy-current dis- 
turbance as il passes through the air. The shape 
of the streamline form resulting in minimnm 
drag depends upon the vdoc.ty, a ratio of 
major-to-minor axis of 2 or 3 being satisfactory 
for moderste «needs, of the order of 2Ü0 mph; 
larger ratios, i.e., thiür.er forms, are required 
at higher iipeeds. 

The etfectivenesa of streamlining in reducing 
drag is evident in Table i, in which the drag in 
po'-nds per projected foot for standard circular 
aircraft cable is compared with that for stieam- 
tined wire of simii ir nominal diameters. 

While fcnti n is wires are rarely streamlined 
in practice b.-cause of the difficulty of maintain- 
ing the wire urientatioti in (light and because of 
the fact that the drag of the antenna fittings 
are usually much greater than that of the wire 
ittelf. it is worthwhile to ilroMnline antennas 
•.f thick cylindrical form. 
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'"*'   Oihrr Fartor* Affei'lmp Anlennu 
Drap 

Obviously the Iftinth, cross section, and 
urictitatiim at ihe untenna are important fac- 
tor« in lieteriniiiitut its total wind reniatance. 
I'nfortunately these piiranieters are determined 
by electrical eonsiderations, which—since they 
are inextiieably unnncctcd with (he reason for 
havinir the antenna on the airplane in the first 
plare—must be reitarded as iieing at least as 
important as the mailer or air drag. 

Antenna lentfth is controlled by frequency. 
A conventional transmitting antenna, lo be rea- 
sonably efficient and capable of even modest 
band width, must be of the order of A/4 long. 
Since wavelength is inversely pr^puiliunal to 
frequency, the drag of a Hmooth-surfafed cylin- 
drical antenna will also be inversely propor- 
tional to frequency, other factors remaininK 
constant. This situation is emphasized in Table 
2, In which the approximate drag- of smooth 
(.'yünOricai uiiiennas i in, in diulkietel. nöViBB 
at 200 mph. are compared for various resonant 
frequencies. 

qUMT.  Da* on 
dnw > ■ fünf at  tve- 

These figures are only approximate, and in 
certain antenna installations may not even be 
of the right order of magnitude. They are in- 
tended only to support the followinft rule; If 
drv" mi'tl br minimizfd, aroid low freqiien- 
r , urLicularly if the impedance and pattern 
requirements are such as to demand the use of 
a conventional exterior antenna. 

The cross-sectional dimensions of conven- 
tion«' antennas are controlled by the band 
width desired. Neglect im- special cases in 
which the H.:|"nnii impt-oanee is markedly 
aiTi-eted by it. V( jtion on the particular plane 
invol-ori 'hL fntl i the antenna the greater ita 
intrinsic band width, assuming that it can be 

 2hS 

■ which will not detract from 
that intrinsic band width. Other things being 
equal, if the impedance characteristic« of r 
given h-f antenna of cylindrical form are to be 
duplicated at a lower frequency, the cross-sec- 
tional dimensions of the antenna rmitX be 
scaled up in the same proportion SO its lEHirth. 
The consequences of this fact on air drag as a 
function of frequency, for constant band width, 
is shaun in Table 3. 

.lurncy.   Hriiii 
of ramp.ip.hlrl 

of frc 

trative, to show that, for conventional antennas 
at least, fki- drnire» for hand width til Um' ire- 
'luenrieH and for loiv dray are inrompa'Hil,. 

Antenna orientation is controlled by the 
nature of the pattern and by the type of polar- 
ization required. For vertical polarization in 
the v-h-f and u-h-f bands, orientation in usually 
not. a factor, since a vertical x/i antenna is 
necessarily perpendicular to thn airstream. For 
vertical polarization in the tower v-h-f and 
higher h-f ranges, where flat-top antennas must 
be used, the horizontal portion of the antenna 
should be strung bach parallel to the tine of 
flighi. For horizontal polarization the antenna 
should be oriented su that it presents a mini- 
mum projected area to the wind stream, provid- 
ing such orientation is consistent with the 
nature of the field pattern desired. 

'■■'■■'        Special Low-DriR Antennas 

In many ins^gnw it is posKible to satisfy the 
polanz iii'm, jiattern. pnd Impedance require- 
menla ol a given problem by c ■ana of antenna." 
having much less air dra» han the simple 
wires, stubs, and whips to wnich the preceding 
dltCU i-i'm applies, A classic example of isatis- 
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factory lo*-drag antenna is the wire fan de- it inside the ukin of the »hip. Severnl such an- 
veloppd by the Antenna Section. Research DivU tennas are deaerilted in Section 18.9, 
aion, Aircraft Radio Laboratcry, and described In many cases low-drag antennas of the types 
elsewhere in this report.  Other antennas hav- mentioned above will hove impedance, pattern, 
ing reduced drag to the extent that they are or mechanical features making them unsuitable 
nhorter than conventional rodiuU.ra. are treated for a particular  application,  in  which caaes 
in Section 18.6.8. about all that can be done is to reduce frictiün 

The most effective way to minimize drag is to by smoothintr the antenna surface and to reduce 
remove the antenna from the airstream, placing form drag by streamlining. 

CUNFIDEMUL 



DEVELOPMENT OF FAIRED-IN ANTENNAS 

Dtvi'lopmrnt of ■ nitible de-ict for «citing the m 
face gT u «Ji-met«! plan« u, mrvr at thr ndiab 
SloU, ban, etc., IH looked upon u excltinj devic« ai 
nut aa Ih» primsry nuiialon. F^ieH palWrn, surfa 
HITMt, and impedanre meMurementi WIT. madp I 
•oaifrjown modrli at a vavelfnsth of 10 ein and i 
full-wale plan« modela uxiri! v-h-f frequeni-i«. 

'*■' INTBODUmON 

IF ANTENNAS IN the v-h-f band are to be uwd 
on all-metal high-speed aircraft It \g neces- 

sary that the antenna* be streamlined into the 
contour of the airplane.   This means that the 

exciting device that waiiW not protrude, that 
'.vould '* compac*. that would have suitable im- 
pedance characteristics, and that would give 
the required field pattern. 

Although the work was only well under way 
at the close of the war and the project termi- 
nated, much work was accomplished that will 
serve as background for Its continuance under 
the Office of Naval Research. 

•** DEVICES INVESTIGATED 

The following current-exciting devices were 
investigated. 

 c 

siirface of the plane become« an important 
component of the radiating system. In fact. 
the approach in this project* was to consider 
the current on the surface of the plane as the 
principal source of radiation. The plan was 
to Investigate the possibility of designing an 

■ Proj« 
1441. Har 

iwingof W-lolantenna, 

"" On Sheet-, al 10 Cm 

SLOT ANTENNAS 

Slot antennas arc recogniied by the presence 
of these feature«; (I) the surface to be ex- 
cited, (a) a cavity. (3) a slot to coup'c the 
cavity to the surface, and H) a dipole or other 
exciting davice to set up a field in the cavity. 
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W Slot. The 8»lv»ntage of this typ^ «lot 
over mimt otht-rs ia that the shin of f« T- 

plane need not be cut except for the coaxial 
line. Two W alota were investinated haviriR 
the foliowirg dimenaions (see Figure 1) : 

W-l  (short slut) 
i .   O.lOx    d ■■   0.29A    W --■ 0.03A. 

W2 (long nlot) 
I - 0.60A    d - 0.4BA    U " 0.03A. 

A Sht. The eMBentia! dimensionH of thia 
type of slot are shown in Figure 2. Two modeln 
were ettamined having these dimenfliona: 

A-l (narrow slot)    w - 0.02*    I • 0.64A. 

A-2 (broad slot)      w     0,81BA (     0.64A. 

DBVELOF ■tj^ror^*KO-i'*_**™*.H*L- 

reversing sleeves, one aleeve located at each 
end of the bar beneath the surface. The pur- 
no- ■ of the phaw-reversing »ections is to in- 

ease the radiation resistance by «preading 
the current on the surface. If these ^ves 

Hre not present, the surface current is mercy 
the image current of the bar. This current falls 
off very rapidly a« one moves away from be- 
neath the bar- The radiation resistance is low 
without the sleeve because the image current 
and the bar current ar- in opposite directions 
and for this reason the field of the bar tends 
to be cancelled by the field of the image cur- 

rent. ,   ,   . 
The following bar antenna« were tested. 

H Slot. This type of slot Mgure 3) wae 
used in an inveatigation of the proper location 
of an AN APN-1 altimeter in a P4M bomber, 

(See Chapter 20.) 
CSM. Thia slot (Figure 4) was devised to 

see what effect bending the slot back on lUelf 
would have on the surface current and field 

pattern. 

BAR ANTBNNAB 

A simple bar antenna consists of a metal rod 
parallel and very close to the surfai to be ex- 
cited, together with two coaxial type phaae- 

m 

N- 
-i r~ 

4—J 
1. B-l end-fed bar. This was adapted from 

the B-2 center-fed bar by using an unbroken 
bar and by covering up the center section. The 
coaxial cable from the transmitter wa« con- 
nected to one of the coax,al fittings, the other 
fitting was connected to a variable-length line. 
This latter connection permitted locating the 
maximum current at the center of the bar. The 
bar length was about 0.BA. 

2. B-2 center-fed bar, The coaxial cable from 
the transmitter was connoted to the center as 
shown in FlSUM 6. The two side fittings may 
te eonncaed Untether hy an adjustable length 
of coaxial line or each fitting may be attached 
separately to an adjustable length of line.   In 



ijKvu Ks IN> tsin;«i>:!t 

either case the »djustment is for optimum lo- 
cation of (he current maximurn. 

3. 2B-1 parsilel-bar antenno.  Two B-I bun 
separated  by about *I,5A   (adjustable), driven 

phase difference adjured for eircular polarir.»- 

5. liB-I orhnlf-lmr, 
nf the B-l antennas a 

either  in  phase or  180'  out of phase.   The the middle of the bar. Therefore it a 
length ot th, Urs «as about 0.5*. nected directly to the surface at thin point. 

4. 2BX-1 croaned-bar antenna«. Tvoperpen- This makes possible i 
dicular B-l   antennas of standard size with lenKlh of the B-l bar. 

CONFIDENTUI. 
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DSVELOPM ENT OF FMREIHN AWTE^JSA» 

•»"        On Sh«t« in Ihe VH-F Band 

B-l and B-2 arttnni» were trsted for their 
proper impedance charaeUristks. Variou» 
■(■H and shape» of bare and phase-reverBing 
dloevea were tested. 

Position 3   front right 0.47A from the nose 
of plane. 

Position 4    rear right 2.75A from the nose 
of plane. 

Totai length of plane was 5.3A.   Combina- 

Fwi-M ß.    Drft*ine of ™nter-f»l H-Z b»i 

""  On a Scaled-Uuwu Mo.Vl of a P47N. 

SI^TT ANTENNAS 

A W slot was adapted to the vertical »tabi- 
liier and tested for 360° cfveraire with good 

results. 

BAH ANTENNA» 

The B-J end-fed bar was mounted verticaUy 
on the sides of the fuselage in the following 

positions: 
Position 1    front left 0,23A from the nose 

of plane. 
Position 2    front left O.S7A from thr none 

of plane. 

(ions of the above position»  using t 
antennas were also used. 

STUB ANTENNA 

A vert cal stub A i In lenfrth wa* mounted 
on top the fuselage at 2,87^ from the no««. 
This antenna wa» useful for comparison pur- 

i"       METHOn? OF MEASURKMENT 

Measurements underiaketi under the preiect 
were (1) th« field pittonw of «he antenn. ä as 
well as the effect of aifferenl condllions u. *"- 
Juatment, (2) the distribution cf surfsce cur- 
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rent nn the sheet of m«UI or the model plane 
on which the antenna was mounted. The re- 
aulls of auch memiurenienU were to be prop- 
et]y c-oirrelated. 

Field Pattern MeAtiuremeiil« 

The antenna under test «as excited through 
a 50-ohin coaxial cable from a moduleted klys- 
tron oscillator.   A double stub tuner mstched 

modulation could be varied in frequency from 
500 to S.000 cycles. 

The antenna system was mounted on a re- 
motely controlled turntable driven by gcsrcd- 
down synihronouH motor» and equipped with 
selsyns for remote indication of the ailmuth 
position of the antenna. 

In addition the antenna could be rotated 
about a horizontal axis to give an "elevstion" 
rotation. 

The receiving antenna comtisted of a half- 

3LUL 6.    Ampllfltr fur art 

the line to the oscillator. Part of the oscillator 
output WM fed to a crystal detector circuit 
which wna part of the modulation monitor unit. 
The relative output of the oscillator could be 
checked by the detector Ciirrent as read on 
a meter or by the deflection on the screen of 
a cathode-ray oscilloscope. 

The operating wavelength of the klystron 
oscillator'was 10 cm while the square wave 

wave dipole at the focus of a 120-cm parabolic 
reflector and placed at a distance of about 130A 

from the transmitter to insure far-zoi ■■ tondi 
tions. The received signal was detected by a 
bolometer consisting of a 10-ma Littlefuse in- 
serted in the coaxial fittings of the paraboloid. 
The output of the bolometer was amplified 
(Figure 6| and the ampHHer output was read 
on a d-c milliammeter or was recorded on an 

coramENiui. 
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pxteriiAl automatic recorder. The reHdintt« 
were directiy [importional to the aquure of the 
electric field. 

SUKKACE-CURHENT MEASUREMENTS 

In securing siirtace current mcaduremenU it 
in of primary ■mporlante that the indicating 
inHtrumenl resiMjnse be determiiied b>- the cur- 
rent» flowing in the «mall area of the nurface 
»urrounding the point invustigated. A small 
bop placed in a plane perpendicular to the 
Kurfare being excited satiafied this require- 
ment. At S-lwnd frequencies, a loop area of 
from 1 to 2 sq cm gave good localization of 
renponse with nuftlcient sensitivity (u permit 
meaauremerit of very weak currents. 

The detecting element was u crystal. The 
square-wave modulation of the klystron (type 
410R at 80-100 watts input) made it possible 
to amplify the detector output. 

The flnal report gives th« resulta of n great 
many tests and includes surface current dia- 

'*" IrnjiidHini Measurements 

Delay« in procuring a P47 plane limited the 
impedance mensurements planned to actual 
v-h-f band data on B-l and B-2 antennas on 
flat sheets. Since measurements on a scaled- 
down model of the antennas «t S-band fre- 
quencies were seen to involve many difficulties, 
mveatigaiions along these lines were under- 
taken 'nly as a sideline. The results of the 
meBburements made are ccntained in the final 
report1 which also contains the theoretical an- 
alysee necessary for priper evaluation of the 
work accomplished. 

••■* QONCUBfflQllS 

Although the planned work was not com- 
pleted, due to the termination of the contract 
at the end of the war, certain conclusions were 
reaencd. One of the most striking resulta of 
the surface current investigation is that, at 
v-h-f frequencies, skin antennas usually excite 
the plane as a whole.   Thus the behavior of 

such antennas is dependent on the general 
shape of the airenut. A single antenna located 
properly on the sidi^ at the fuselngc may be 
able to so excite the plane itself as to give 
UfiO^ coverage with no serious nulls. Also there 
may be a large horizontally polarized field from 
an antenna that. Judging from the result on a 
flat sheet, should give only vertical polarization. 

On the other hand the interpretation et the 
Hurface-current patterns given in the flnnl re- 
port' is seriously limited by a lack of knowl- 
edge of phase relat'"nships. Further research 
'in surface currents should include the mea- 
turement of relative phase along with mea- 
surement of direction and magnitude of cur- 

Slot-antenna studies were very largely con- 
ventional. The bar antennas, however, repre- 
sent a Hignificunt departure fma other skin 
antennas. Their importance lies not only in 
their merits as possible antennas but also in 
the fact that they emphasize the significance of 
current on the plane itself. With this view- 
point in mind, many other novel ^ays of ex- 
citing a plane at v-h-f should result from fur- 
ther research. Such researcn should lead to 
antennas capable of satisfying a great variety 
of requirements. 

The B-l and B-2 bar antennas differ de- 
cidedly in their behavior from that of a dipole 
mounted at the same distance <0.02A) from a 
fiat jheet. The difference expresses itself in a 
jfreater extent of surface current excitation, a 
narrower beam width, and greater efficiency. 

Impedance measurements of the bar anten- 
nas were made only in the v-h-f band and at 
full scale where the phase-reversing sleeves 
were very much smaller in diameter relative 
to the wavelength and the distance 01 the bar 
from the sheet than they were in the 10-cm 
models. Here the band width for a 2:1 stand- 
ing wave ratio was about 0.3 per cent. Thus 
the bar with phase reversing sleeves of very 
small diameter is serviceable as it stands at 
one frequency only. If the reversing stub« are 
tunpd by remote control, a very broad band is 
possible. 

The fact that a plane may be excited as a 
whole by a bar antenna or other device makes 
it seem likely that its impedance iS changed 
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cunaiderably from that an measured on a flat 
sheet. To InvestiKate Ulis effect a full-ncale 
plane mounted «n a plailorm so that it la suf- 
ficiently decoupled from its (rroiind image, or 
a careful scalinfr down of tlie plane, the excilinjr 
antenna, and the anlenna fewi systems, is neces- 
sary. 

One of the concltiaionn that was drawn from 
the meafluremeni of surface current.^ on the 
model plane was not only that currents may be 
large over the entire plane, but that currents 
remote from the antenna may be of primary 
importance  in   determining  the   field.    Hence 

the shape of the plane may. at v-h-f frequen- 
cies, materially affect 'he impedance at the ter- 
minals of the exciting anlenna. 

In the appendicex of the final report' will 
be found certain analytical studies useful to 
»ny work in this field. These subjects include 
"Surface current distributions that produce 
circular Viomontal polarization '; '■Broad-band 
i'hu rac twist it* of H dijuile usiiiK a series trans- 
former as a matching section"; "On the proper 
spacing of insulating beads"; and "A conver- 
sion chart for impedance measurement using 
transmission line." 
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MISCELLANEOUS ANTENNA RESEARCH 

«"       LOCATIO'N OF ANTENNA FOR 
AN/APT 1-1 ALTIMETER ON 

NAVAL AIBCHAFT 

THIS pfcOJECT WAS »et up to atudj- the problem 
of locating H-type »lot «ntennM for mini- 

mum feed-throuth on Navy type P4M aircraft." 
The study indicated that the aloU should be 
located on the opptmite sidea of the horizonUI 
stabiiiMr undomurface and that for al»aolute 
minimum feed-throuith the slot» wo-ild have to 
be approjcimately perpendiculnr to each other, 
thus Berioualj affectins; the operation of the 
altimetor. 

Introdiielion 

Since the AN/APN-1 altimeter operates in 
the rejcion 420 li> 460 mr, it was decided to use 
a 1/7 acale-down in consLructing a model P4M 
iet-aasist Iwimber tall section and to employ a 
frequency of 3,1)80 mc. The plan waa to mea- 
(ture the surface current distribution on the hori- 
zontal atjibiliier surface and on the surface of 
the fuselage in the vicinity of the stabilizer for 
a wide variety « pisitlona of the transmitter 
H slot. These measurements were to determine 
lines of flow and contour» of constant surface- 
current amplitude. Then for each position of 
the tnuanlttltH slot, poaitions for the receiv- 
ing slot would be chosen: 

1. Only in regions permitted by the internal 
structure of the plane. 

2. So that the angle formed by the lines of 
orientation of the transmitting and receiving 
slots would not exceed «". 

3. At poaitions of minimum surface-current 

amplitude. 
4. So that the reteivin, slot would be 

oriented paralld to UH linos ol surface-current 
How in its vicinity, 

•Projwt 13-111, Itohlem No, 7, Conlr«! OEMir- 
HU. H»rv»rc) Un uriity. Oririnslly Project 13-MB. 

Conditions (1) and (2) constitute limitations 
imposed by the practical location of the slots 
and acceptable altimeter performance, Condi- 
liona (3) and (4) constitute limilations on the 
location cf sluts for minimum feed-through 
caused by surface-current coupling. 

■•■'•' Laboratory Technique 

To obtain accurate mcasuremt-nts of feed- 
Ihrough it was nocesaary to minimue direct re- 
flection of energy from one antenna to the 
other. This made it desirable to simulate flight 
conditions by mounting the model on a p!atform 
far from grounti and upside down ao that the 
K «lots would be directed skyward Difficulties 
in tretting the platform delayed this part of the 
study until near the time the experimentai 
work was terminuted. 

Concurrent with surface-current measure- 
ments, attempts were made to determine a 
satisfactory method of -"—-ing absolute 
feed-through. The prublen,« of establishing a 
proper reference level, of matching, and of cable 
losses all had to be solved before the actual 
feed-through data could be collected. 

As a first step in this direction a flat metal 
sheet was constructed so that it could be driven 
by a waveguide slot- Holes were cut in the 
sheet at positions of dilferent current ampli- 
tude. A rotatable H-slot mounting disk was de- 
signed and constructed so that when located in 
any one of the holes it could be rotated con- 
tinuously through 360° and clamped in any 
desired position. With this setup an investiga- 
tion waa made as to the correlation between 
feed-through and (1) surface-current ampli- 
tude at the receivinir H-siot position and VI) 
the ftngle between H-elot direction and lines of 
surface-current flow in »he vicinity of the slot. 
The results obtained ar. of vnlue in estimating 
thu extent to which the feed-through is mini- 
mized by locating a receiving H slot according 
to conditions (3) and (4) above, 
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"la Conrludioni 

The final report' give8 " description of the 
exper!menUI equipment employed and the re- 
siiits of the meiiBurementx to the end of the 
eontract. Work of a nomewhat nure general 
nature is continuing under a contract with the 
Office of Naval Regeartrh. 

The conclusions cited below are tentative. 
Surface-current coupling between transmit- 

tinjr and receiving antennas can be minimized 
by chooninfr 'he slot positions in such a way 
that the receiving slot is located in a region of 
minimum surface-current amplitude and orient- 
ing the receiving slot .'o that it is parallel to the 
lines of surface-current (low in its vicinity. 

Mcaauremcnts made indicate that minimum 
feed-through values of between 70 and 80 db 
dowii may bt reasonable and that value» be- 
tween 90 and 100 db down may not in> beyond 
the realm of possibility. 

It may be necensary to orient the slots at an 
anale with respect to the line of flight. Surface 
currents are smaller on the stabilizer surface 
opposite to the side on which the transmiUini! 
slot is ]ocat«d and lesn than on the bottom sur- 
face of the fuselage section adjacent to the hori- 
zontal stabilizer. 

To achieve best final results in locating the 
slots, the measurement technique may have to 
be carried out on a full-scale mock-up of the 
tail assembly mounted at a sufficient height 
above ground so that the presence of the ob- 
server and observing equipment may be less- 
ened in its power to affeci the measurements. 

"■»    sruiv or PHOBLKMS AUSING 
FROM CtOSELT GROIPED A^T^:N^AS 

■"■'■l Introduclion 

Experience in the (heaters has indicated that 
the first practical step in minimizing the sever- 
ity of local ratüo interference in a headquarters 
area is to establish separate sites for groups of 
transmitting and receiving antennas. The prin- 
cipal purpose of the survey conducted under 
Project i;M03'' was to determine the minimum 

"Projei« i;i-lü3, CratnM No. OVMtr-Ul2, Wettern 

;i.y OBOIPEU ANTE-NN i7.1 

required separa'.ion between such transmitting 
and antenna "parka," and lietweeu individual 
antennas within an antenna park. This sepa- 
ration is largely a function of certain spurious 
interfere nee-producing properties of existing 
military radio sets, and on the coupling between 
various antenna types over different types of 
soil. Some data on spurious radiations and 
responses of radio seta wore obtained in earlier 
work under Project C-79J (Contract OEMsr- 
1018), and these were supplemented by addi- 
tional measurements on a number of sets. Re- 
eauao of the theater needs, this infonnatiou on 
set characteristics was incorporated as part of 
War Department publication TM 11-^86' pre- 
pared by the contractor prior to publication of 
the final report on Project 13-103. 

*"■*■* ftesnlts of (lie Snirey 

The final report' on the project contains 
information for estimating the required sepa- 
ration between transmitting and receiving an- 
tenna parks for both h-f and v-h-f tactical radio 
circuits, separations which should exist between 
individual antennaa in an antenna park, and 
the relative advantages of the several methods 
of connecting several receivers to a single 
antenna. 

Considerable information is given on trans- 
mi tter-to-receiver interference as a result of 
spurious radiation at harmonics of the master 
oscillator, spurious outputs caused by interfer- 
ence between transmitters, effect of radiation 
from receivers, and spurious responses of 
superheterodyne typw of receivers, with curves 
und charts enabling one to predict where such 
undesirtd receiver responses will occur in fre- 
quency. 

Separation between transmitting and receiv- 
ing antennas is considered from several angle* 
and data given In tabli-s and charts taking into 
Fccount the types of antennas employed, the 
ground characteristics, the weakest usable sig- 
nals, and the tolerable r-f Interference-to-signal 

Suggested layouts of h-f sky-wave transmit- 
ting or receiving antenna parks are given based 
on (1) assigned frequencies being divided into 
groups in such a way that the frequenues of 
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any p«lr within the eroop «rt not lc«s than 10 
per cent apart in frequency, (2) half-wave an- 
tenna, for the freti-encie. within a Bron;. 1»™ 
placed parallel to each other and about 6 ft 
apart, and (3) antvnn. tfOll» Mot »»«■ 
about 250 ft apart. 

Similar layout, are itiveo In the Inal report 
when other type, of Iran.mMon are utdmd. 
Kround wave siitnal.. for example, for other 
types of anteuaae, etc. 

Conaiderable data are itivcn on the mulo«! 
impedance between coupled antennas over an 
imnerfectlv conduct™ earth, and on possible 
methods of connectinB several rmeivms ae- 
tenn cs to a common antenna. 

M*       sTIiDY Qf IMPROVISKI) V-H-F 
ANTKNNAS 

sisted of two conductors formed by «eld wire 
.naeed about 2 in. opart while the quarter-wave 
matchiuB section, at each end of the me con- 
sisted of suitable lennths of paired W-MO-B 
wire With such a line 100 It long, the power 
radiated from a transmitter was only a few db 
Im than it would have been with a llesible 
coaxial cable. The actual losses were 2 to 4 db 
.realer «I »0 to 40 mc and 3 to 6 db «realer at 
70 to 100 mc. Vvith the line wet these values 
were increased .n a.'dition.l 1 to 3 db. These 
lo-.es were relatively unimportant when receiv- 
inir unless the aiunala were marginal. 

Loss characteristics, «jure! mnstratinii an- 
lennas hung from trees, etc., will be found in 
the contractor', final report/ 

The Prohlem 

Keports from combat area, indicated that 
dlpole antenna, made from ordinary Held wire 

and «»in« paired Held wire lor ''«l l">» "1!*' 
be used when standard antennas and feed line. 
were not available. The purpose of this project 
«as to evaluate the losses in such system, and 
to suggest ifl-ective arrangements wh.ch could 
readily he improvised from available materials. 

«.»> The Solution 

The type of wire In common theater use con- 
sirted largely of ordinary «eld wire (W-llO-Bl, 
long-range tactical wire (W-UJI and spiral- 
four cable (WC-54a). Measurements indicated 
that the losae, in the« wire, would .ttain 
values as high as 10 to 25 db or more pet 100 ft 
at 100 me. At 30 me. ordinary «eld wire when 
wet had losses as high a. 16 db per 100 ft. 

The high loase. of ordinary wire used ss a 
transmlsaion line indicated the use of spaced 
leads for the feed line. An improvised antenna 
constating »f a half-wave dlpole and a .pa«d 
line with a „uarter-wave matebing swtion at 
each end operated satisfactorily. The line con- 

' Pr.dec a,io't,   Conlr OtMar.Ull.    We, 

«>«■ Introehiction 

The problem' wnp to design an antenna that 
would not project into the air, revealing the 
presence of the radio set to which it was con- 
necled. The research was confined to the por- 
table radio set SCR-300 which is ordinarily 
o,ed with one of two antennas, one being 10 ft 
8 in long, Ihe other being 33 in, long with a 
parallel loading circuit grounded to the case ot 

the set. .    ^   r M    „„ 
The teats were made largely in the field, one 

pack set using the improvised antenna and the 
other the standard «Mil, antenna. The testing 
procedure consisted in comparing the Impro- 
vised antenna with the standard collector under 

the same conditions. 

•"■• Kesnlts ot Field Tests 

The moat promising di.guised antenna tc.ted 
was that employing helmet and miintcrpoi.c. 
A short lenglh of .ire connected the helmet to 
the parallel matching section. Another wire, 
connect«! to Ihe ground terminal of the pack 
set and serving a, counterpoise extended 
almost to the ground. The latter could pfobahl> 

' Prelect 13.110, Problem No. 10. Conlr.ct OEMsr- 
1411, Hsrvsrd 0oivei.ity. 
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I* apwed  into the trouser leg.   Good signal ajrainat the ground or the operator's body. An 
strer.Rth and intelligibility was possible over L-type  matching section   was   required.    The 
ran/e« of 1 to 3 miles.  If the operator's head range was alimit the same as that described 
was les" 'han I j in. above the ground the maxi- above. 
mum range was about one mile. Testa in which the antenna wife was aewed 

Another promising arrangenienl waa to use into the clothing were not so successful aa the 
the pack set itsdlf as antenna and to drive it other achemea deviaed. 
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